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Voorwoord 
Als na de aftiteling van een film de laatste copyright mededeling komt, en deze blijft 
stilstaan op het scherm, dan lijkt het of deze naar beneden beweegt. De hele tijd heb je 
zitten kijken naar tekst die van beneden naar boven bewoog, en het na-effect wat dit 
oplevert bij een stilstaande tekst is dat het lijkt alsof die tekst van boven naar beneden 
beweegt. Dit is een bewegingsna-effect, en daar gaat dit proefschrift over. 
Een bewegingsna-effect bevat een aantal kenmerken, die afzonderlijk onderzocht 
kunnen worden. Vandaar dat de titel van dit proefschrift begint met 'Aspects of. Een 
van de eerste kenmerken die onderzocht wordt, is wáár in het visuele proces die 
bewegingsna-effecten nu eigenlijk opgebouwd worden. Er blijken dan verschillen te 
bestaan tussen na-effecten veroorzaakt door het kijken met één oog (monoculair) en het 
kijken met twee ogen (binoculair). Daarmee zijn alle termen uit de titel bekend. 
De aspecten die onderzocht worden zijn de locatie van bewegingsna-effecten 
(hoofdstuk 2 en 3), de invloed van oogbewegingen en de waargenomen beweging op 
bewegingsna-effecten (hoofdstuk 4), de duur en de sterkte van bewegingsna-effecten 
(hoofdstuk 5), en individuele verschillen die kunnen leiden tot verschillen in die duur 
en sterkte (hoofdstuk 6). Wat de resultaten van die onderzoeken zijn valt te lezen in de 
Samenvatting. 
Hoewel mijn naam voor op dit proefschrift staat spreekt het voor zich dat ik dit 
niet zonder de hulp van anderen had kunnen doen. Allereerst had dit proefschrift nooit 
bestaan zonder Charles de Weert, de promotor van dit alles. Ik ben veel dank 
verschuldigd aan het oude PDP-11 systeem, waarmee de eerste experimenten gedaan 
zijn: door de (in ieder geval voor hedendaagse begrippen, en toen eigenlijk ook al) 
tergend lange compileer- en link-tijden waren er mogelijkheden genoeg om gezamenlijk 
via tussentijdse brainstormpjes nieuwe stimuli en/of theorieën te bedenken. Ondanks het 
aanvaarden door Charles van het NlCI-directeurschap bleef de bereikbaarheidsdrempel 
prettig laag. Dat er in dit proefschrift (naar alle waarschijnlijkheid) geen 'occurence' of 
'rigth' meer voorkomt is aan zijn vulpotlood te danken. 
Voor de technische ondersteuning ben ik dank verschuldigd aan André van Wijk 
(van 'André, kan ik wat meer blokken krijgen?' tot 'waarom is de VAX zo langzaam?') 
en Chris Bouwhuisen ('Chris, hij doet het niet!'). Voor wat gemakshalve samengevat 
kan worden onder 'secretariële ondersteuning' dank ik Joke, Hil en Вер. Verder ben ik 
dank verschuldigd aan de Atari Corporation, voor het ontwerpen van de ST-serie, 
waarmee alles mogelijk is. 
De reden voor het AIO project dat ten grondslag ligt aan deze dissertatie ligt 
indirect bij de proefpersonen die al in mijn stagetijd aan de experimenten hebben 
meegedaan. Proefpersoon PO (Peter Opbroek) is soms als zodanig te herkennen, en er 
is dan ook geen pilot voorbijgegaan of ik heb zijn visuele systeem mogen lenen. 
Proefpersoon HH (Hannie Hover) is als zodanig niet meer terug te vinden. Haar 
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linkshandigheid, gecombineerd met haar onverwachte responspatronen, hebben geleid 
tot het idee dat er verschillende systemen moeten bestaan, die ieder afzonderlijk ...., 
afijn, u leest het maar in dit proefschrift. 
Een proefschrift is een 'wetenschappelijke proeve', die echter niet gedaan kan 
worden zonder medewerking op het sociaal-emotionele vlak. Mijn dank aan alle 
NICI-medewerkers die er voor hebben gezorgd dat er een prettig werkklimaat bestaat 
waarin persoonlijke kwaliteiten kunnen gedijen, en aan eenieder die mee heeft 
gesteggeld over de puntentelling op het volleybalveld. 
Een speciale vermelding verdienen Robbert, Tom en Mette. Zij hebben er mede 
voor gezorgd dat ik niet alleen maar met dit proefschrift bezig kon zijn, waarvoor mijn 
dank. 
Daarnaast zijn er een aantal personen, die ieder op wat voor manier dan ook een 
bijdrage hebben geleverd. In volledig willekeurige volgorde is dat bijvoorbeeld mijn 
moeder, die iedere keer weer klaar stond om op de kids te passen als Hannie en ik de 
agenda's weer feilloos hadden laten overlappen. Voor de overigen die hier graag 







Addams (1834) described the Waterfall Illusion: looking at the Foyers Falls in 
Scotland, it appeared that the trees and the rocks in the forest were moving upward 
when he looked away from the waterfall. 
These motion aftereffects (MAEs) have traditionally been explained by the 
adaptation of motion sensitive detectors. A possible design of these detectors is given 
by Reichardt (1961), and can be seen in figure 1.1. This detector responds only when 
there is stimulation of receptor A at time t and stimulation of receptor В at time t+dt. 
This implies that these detectors are sensitive to motion in one direction only (in the 
case of figure 1.1 a motion to the right), and that these detectors are sensitive to one 
specific motion velocity (in this case the distance between the retinal location of 
receptor В and the retinal location of receptor B, divided by the time delay dt, or, stated 
otherwise, d(AJB)/dt). When a moving grating is presented with a spatial period that 
matches the distance between receptors A and В and which is moving rightward with a 
velocity of d(A,B)/dt this particular detector will be continuously activated. However, 
when the grating is moving with a velocity of 2*d(Aß)/dt this detector will respond as 
well. When the grating is moving with a velocity of d(A,B)/(2*dt) the detector is not 
activated. When the spatial frequency of the grating is twice the previous one, and the 
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Figure 1.1 A simplified version of a Reichardt detector. This detector consists of 2 
receptors, A and B, a mechanism that delays the signal of receptor A with time dt, and a 
mechanism that detects that there was output of receptor A dt seconds ago and there is 
output of receptor В at this moment, resulting in a positive output of this detector. 
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will be activated when the motion velocity is reduced to a{Aß)l(2*di). See figure 1.2 
for an overview of these conditions and the output of these specific detectors (Dl). 
Now suppose another detector (D2), in which the distance between receptors A 
and В is only half of the distance as in figure 1.1, but with the same time delay. The 
output of this detector to the same motion stimuli as in figure 1.2 is given in figure 1.3. 
Lets furthermore suppose a third detector (D3) with the same receptor distance as 
the one in figure 1.1, but with a time delay twice the delay of Dl and D2. The motion 
velocity this detector is tuned to is equivalent to the tuning of detector D2. The output 
of this detector is shown in figure 1.4. Note that the outputs of D2 and D3 are not the 
same, even though they are tuned to the same motion velocity. 
When a motion as described in condition 1 is presented, detectors Dl as well as 
D3 are activated, whereas D2 is not activated. Dl responds because there is stimulation 
of receptor A at time t and stimulation of receptor В at time t+dt. The fact that D3 
responds is due to the fact that there is also stimulation of receptor A at time / and 
stimulation of receptor В at time t+dt, but the stimulus evoking this response is not the 
same. This illustrates that the Reichardt detectors are not only sensitive to one specific 
velocity of motion, but to the harmonic velocities as well. In condition 2 detector Dl 
responds, even though the motion velocity is twice the velocity this detector is tuned to. 
The fact that Dl responds is due to the spatial frequency of the stimulus, which is in 
concordance with the distance of receptors A and B. Apparently it is not only the 
motion velocity of the stimulus, but its spatial frequency as well that determine the 
activation of the Reichardt detectors. For condition 2 D2 responds correctly: neither the 
motion velocity nor the spatial period is in concordance with this detector. D3 does 
respond, but for the same reason Dl responds: the spatial frequency of the stimulus. 
When the detectors are stimulated with the motion as described in condition 3 only D2 
and D3 respond, which is no surprise: all detectors respond correctly. When the 
detectors are stimulated with the motion as described in condition 4 Dl is activated 
correctly, but D2 and D3 are also activated although they should not be. D2 and D3 are 
responding because the presented motion velocity is twice the motion velocity these 
detectors are sensitive for. Apparently the detector with the lowest spatial resolution 
determines the stimulating motion velocity. In condition 5 D2 and D3 are activated as 
expected, because the motion velocity and the spatial resolution of the stimulus are in 
concordance with the sensitivity of these detectors, but Dl is activated as well because 
the spatial period of the stimulus is half of the distance between the receptors A and B. 
All this can be taken to mean that the output of a detector is not only dependent 
on the velocity of the presented stimuli, but also on the spatial frequency of the 
stimulus. It is the combination of the output of a number of these detectors, each of 
them sensitive to a different motion velocity and spatial frequency, that determines 
what the actual perceived motion velocity will be. 
The Reichardt motion detectors normally have a resting potential, an output 
indicating that this detector did not detect a motion. During adaptation to a specific 
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Figure 1.2 The output of the Reichardt detector to five different types of motion 
stimulus configurations For the conditions 1, 3 and 4 the output is correct, whereas for 
the conditions 2 and 5 the output is not correct the detected motion velocity by this 
detector is not the velocity of the moving stimulus. The arrow indicates the stimulus 
movement during time dt In the text this detector is referred to as Dl. 
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Figure 1.3 The output of another Reichardt detector, referred to as D2, to the five 
different types of motion. For the conditions 1, 2, 3 and 5 the output is correct, whereas 
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Figure 1.4 The output of third Reichardt detector, referred to as D3. The dt of this 
detector is twice the dt of the previous ones. Note that the output of this detector is 
always positive for the motion conditions shown. However, this output is only correct 
for the conditions 3 and 5. 
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motion the detectors sensitive to that motion are constantly activated, so these detectors 
and their corresponding neural paths are fatigued, and the output of the detectors and 
the neural paths will be less than normal. This is interpreted by the visual system as a 
motion in the opposite direction. This is a simple, low-level explanation of the motion 
aftereffect. An explanation like this also holds for color aftereffects: after prolonged 
viewing to a red paper a white paper will look greenish. Fatiguing the red receptors will 
lead to an imbalance in the red-green channel, leading to the percept of green. 
McCollough (1965) described an effect in which color and spatial orientation are 
combined: adaptation to green horizontal bars and red vertical bars leads to a combined 
aftereffect. Grey horizontal bars will look red and grey vertical bars will look green. In 
this case the detectors that combine the information about color and orientation are 
fatigued. 
The Reichardt detector shown in figure 1.1 is a simplification of the actually 
proposed detector. Furthermore, Adelson & Bergen (1985), van Santen & Sperling 
(1984) and Watson & Ahumada (1985) all presented elaborations of the Reichardt 
motion detector, each with specific features. 
Barlow & Hill (1963) also propose a physiological explanation of the Waterfall 
Illusion and other visual aftereffects. Pantle & Sekuler (1968) already showed 
physiological evidence for velocity-sensitive elements in human vision. Campbell & 
Maffei (1981) studied the influence of spatial frequency on the perception of moving 
patterns, whereas Cameron et al (1992) studied the spatial frequency selective 
mechanisms underlying the motion aftereffect. They found that there are limits to the 
MAE velocity at the lower frequencies: the MAEs of gratings with a spatial frequency 
of 0.50 cycles/degree were largest when the test grating had the same spatial frequency. 
However, when the adapting stimulus had a spatial frequency of 0.25 cycles/degree the 
MAE was maximal for a test grating of 0.50 cycles/degree. This can be illustrated by 
motion Condition 4 with the Reichardt detectors Dl, D2 and D3. All these detectors are 
activated when the adapting motion is presented. Dl responds correctly, because the 
motion velocity of the stimulus corresponds with the distance between receptors A and 
B. D2 also responds, but based on a adapting velocity that is twice the velocity this 
detector is actually tuned to. D3 responds because the spatial period of the adapting 
motion is twice the distance between the receptors A and B. The distance between A 
and В can not be of any size: there is a limit, indicating that too low spatial frequencies 
can not be processed anymore by Dl detectors, but the harmonic frequencies are still 
detected by D2 and D3. These detectors will then determine the MAE, and this will 
lead to a MAE that is largest when the test stimulus has a spatial frequency of 0.50 
cycles/degree, when the spatial frequency of the adapting stimulus was in fact 0.25 
cycles/degree. 
In this dissertation a few aspects of the motion aftereffect will be presented. The 
simple explanation of the MAE by the Reichardt model is object of discussion. The 
motion-sensitive detector explanation can only hold for retinal motion, stimuli that 
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activate regions of the retina. Tracking a moving stimulus should not lead to a MAE, 
because the retinal detectors are not activated. This can of course be avoided by 
assuming that the Reichardt detectors do not only occur at the retinal level, but also at 
higher levels. It should then be possible to activate the visual system in such a way that 
different MAEs occur within the system. From Anstis & Moulden (1970) we know that 
peripheral and central components in MAEs can be discerned, and from Anstis & 
Duncan (1983) we know that it is even possible that the MAE from one eye can differ 
from the MAE of both eyes, even though the stimulation was the same. 
There is agreement on the existence of more than one level of processing in 
motion perception. Cogan (1987), Jiao et al (1984) and Zeevi (1985) showed that the 
visual system at least consists of independent monocular systems and a binocular 
system. This binocular system can explain the interocular transfer of the MAE, 
resulting in a MAE in the non-adapted eye (e.g. Blake et al (1981), Lehmkuhle & Fox 
(1976), Mitchell et al (1975), O'Shea & Crassini (1981), Wade (1976), Wade et al 
(1993) and Ware & Mitchell (1974)). In chapter 2 we concentrate on the idea that more 
than one MAE can occur at the same time within the visual system. We divide the 
visual system into four subsystems: the left monocular system, only activated by visual 
input to the left eye, the right monocular system, only activated by visual input to the 
right eye, the OR-type binocular system, which is activated as soon as input of one of 
the monocular systems is available, and the AND-type binocular system, which is only 
activated when there is simultaneous input from both monocular systems. In the 
experiment described in this chapter we used apparent motion, because it enables us to 
activate the different subsystems within the visual system separately or in combination 
with each other. The actual outcome of the visual process, the perceived motion of 
direction during adaptation and during the aftereffect phase, is determined by a pooling 
of the individual outputs of the subsystems, according to the 'Pooling hypothesis' from 
Wolfe & Held (1983). 
In chapter 2 we also introduce a new type of testing of the MAE. In the past the 
adapting motion was stopped, and the stimulus appeared to move in the other direction 
for a short time. This can be seen as a static test stimulus. The MAE has to be 
superimposed on a stable image, and will therefore decay rapidly. We introduce a 
dynamic test stimulus, in which motion information is already present, be it of an 
ambiguous direction. The MAE can be superimposed on this existing motion, leading 
more easily to a measurable motion aftereffect. Essential is that contrary to the classic 
method with a static test stimulus, there is no fundamental difference between the 
adaptation and the test phase, and subjects do not need to know the transition. 
Subdividing the visual system into monocular systems and a binocular system is 
not new. Research on depth perception, stereopsis, has already revealed that there is a 
system that evaluates the information from the left eye and right eye. Differences in the 
location of retinal stimulation in the two eyes by objects at different distances from the 
observer is interpreted in terms of these objects being further away or closer by. This 
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'interpretation' is done by a binocular system, that combines the input from the two 
eyes However, over the last years there has been disagreement about the existence of 
an AND-type binocular system Moulden (1980) and Blake et al (1981) pointed to the 
existence of an OR-type binocular system, without the necessity of an AND-type 
binocular system On the other hand Wolfe & Held (1981, 1982), Wolfe (1986), and 
Wade & de Weert (1986) all state that they need the existence of an AND-type 
binocular system to explain their experimental results Timney et al (1989) and Burke 
& Wenderoth (1989) express their doubts about the existence of such an AND-type 
binocular system In chapter 3 we review the arguments in the discussion about the 
existence of an AND-type binocular system, and the results of a number of experiments 
are given that will show that an AND-type binocular system does exist 
The Reichardt detectors require retinal image movement in order to be activated 
properly This retinal image movement is influenced by eye movements In chapter 4 
we study the role of eye movements in the building up of a MAE We use a condition 
m which subjects have to fixate a specific point, thus garanteeing maximal retinal 
image movement, and a condition in which subjects can follow the moving stimulus, 
leading to complex retinal image movement that does not lead to a specific retinal 
motion The occurrence of eye movements is registered during the adaptation phase and 
the test phase, in which a MAE can be reported 
So far we have been dealing with factors that determine the presence of a MAE 
In chapter 5 quantitative aspects of the MAE are studied When the motion is stopped a 
MAE can usually be perceived The strength of this initial MAE can depend on the 
specific motion stimulus used, but also on the duration of the adaptation It seems 
plausible to assume that the MAE is stronger when the adaptation phase is longer 
Bearing in mind the MAE explanation of the fatiguing motion detectors and/or neural 
paths is it also plausible to assume that there is a maximum in adaptability when there 
is maximum fatigue m the visual system, longer adaptation is of no value for the 
(initial) strength of the MAE Besides the initial strength of the MAE we also examine 
the duration and decay of the MAE A logical relation seems to be that the longer the 
adaptation phase, the higher the initial strength of the MAE will be and the longer the 
MAE In chapter 5 we pay attention to the relation between strength, duration and 
decay of the MAE 
Chapter 6 deals with an item that we have ignored so far individual differences 
We do not mean individual differences concerning gender (Shechter et al, 1991) or age 
and time of day (Hams, 1983), but in reported MAE The perceived MAE can not only 
be influenced by the separate visual subsystems, but also by factors as eye dominance, 
neural path dominance or cerebral hemisphere dominance Eye dominance will lead to 
a bias towards motion that is presented to the dominant eye Neural path dominance 
will lead to a bias towards motion that is presented to the left visual hemifield of the 
left eye or the right visual hemifield of the right eye Cerebral hemisphere dominance 
will lead to a bias towards the motion that is presented in the left visual hemifield or 
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the right visual hemifield. These factors influence the perceived direction of motion, 
and presumably also the perceived direction of the MAE. In chapter 6 we propose a 
model that can account for individual differences in the magnitude of these factors. 
From data of the adaptation phase we derive the individual dominance strengths, which 
we can use to correct the data of the test phase. In this way a more valid estimate of the 
actual MAE can be obtained, and thus of all the aspects of the MAE mentioned earlier. 
In the epilogue the results of the different chapters will be briefly evaluated and 
integrated, to come to a more profound understanding of the factors responsible for the 
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Apparent Motion Perception: the contribution of the binocular and monocular 
systems. 
An improved test using Motion Aftereffects. 
Research concerning the perception of apparent motion is not easy to conduct: it is hard 
to obtain quantitative results that can be easily interpreted. A solution to this problem is 
the use of motion aftereffects (MAEs). Adapting subjects to a specific type of motion 
leads to apparent motion in the opposite direction when the stimulus is removed. 
However, subjects are aware of the change in stimulus conditions. A new dynamic test 
stimulus is proposed in order to avoid artefacts introduced by the awareness of the 
conditions by the subject. A model, derived from earlier observations, is described 
which includes contributions from monocular and binocular systems. Results from an 
experiment in which the dynamic test stimulus was used show that they do not 
necessarily reproduce the results obtained with a static test stimulus. Central monocular 
systems are added to the model to account for this discrepancy. The 'pooling 
hypothesis', which states that the MAE is a weighted mean of the processes involved, 
permits the estimation of the weights of the individual subsystems. The results of the 
experiment are explained in terms of this hypothesis by the new model. 
Introduction 
The perception of motion by the visual system can occur in two ways. On the one 
hand, the visual system is able to compute local correlations. Looking at a stimulus as 
presented in figure 2.1.a, and then at figure 2.1.b, we perceive movement of part of the 
stimulus: for each point of figure 2.1.a we obtain a position in figure 2.1.b: this is a 
point to point correlation process. Combining the outputs of local correlation units leads 
to the perception of (part of) the stimulus (Mather, 1984). On the other hand the visual 
system is also able to compute global correlations. Showing figure 2.1.d after figure 
2.1.с leads to the perception of a translation down and to the right. The movement of 
elements of the successive figures is computed in such a way that the correlation 
between the figures is maximal (Ramachandran & Anstis, 1984 and Green, 1986). 
There are two mechanismes that can account for these two ways of computating 
correlation (Braddick & Adlard, 1978). There is a short-range mechanism, which 
detects local correlations. This mechanism responds at its maximum when time 
intervals of about 40 ms are used (Baker & Braddick, 1985); there is no motion 
response when interstimulus intervals (ISIs) larger than 100 ms are used. There is also 
a long-range mechanism which detects global correlations. 
We can use motion aftereffects (MAEs) to obtain a response when studying 
apparent motion. After being exposed to a specific kind of (apparent) motion, (retinal) 
neural structures and/or paths are adapted to this kind of motion. They will respond 
with an aftereffect opposite to the motion to which they adapted. The direction and 




Figure 2.1 Perception of motion by local correlations (a) and (b) and global 
correlations (c) and (d). Both correlations lead to the same global result. 
stimulus. Anstis & Duncan (1983) showed subjects an anticlockwise-rotating stimulus 
to the left eye and a clockwise-rotating stimulus to the right eye. Combination of these 
two stimuli led to an ambiguous motion percept. When each eye was tested separately 
it showed a MAE as expected: clockwise for the left eye and anticlockwise for the right 
eye. When both eyes were tested together, no MAE was reported. This points to the 
existence of monocular retinal MAEs. 
Anstis & Moulden (1970) showed to separate eyes stimuli that had no motion 
information for each eye individually, but showed a clockwise rotation when the 
information of the two eyes was combined. No MAE was detected when only one eye 
was adapted and tested. This was a control condition for the stimuli which these 
authors used. When both eyes were adapted and tested there was a short anticlockwise 
MAE, as expected. This indicates that a MAE has been generated after fusion of the 
stimuli (Papert, 1964). When both eyes were adapted and one eye tested there also was 
a anticlockwise MAE. These MAEs come from the same source, the binocular system. 
In this system combination of the two stimuli takes place. 
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Anstis & Moulden also used a rotating stimulus shown in figure 2.2. Each eye was 
exposed to a clockwise stimulus motion; combination of these stimuli led to an 
anticlockwise motion. Adapting and testing one eye resulted in an anticlockwise MAE 
as expected; this condition constituted a control condition. Adapting and testing both 
eyes resulted in a clockwise MAE. This MAE was generated after fusion of the stimuli, 
so its origin is in the binocular system. Adapting both eyes and testing one eye also 
resulted in a clockwise MAE. It turns out that the binocular (central) MAE is stronger 
than the peripherally located monocular MAE, although both are produced. 
Lehmkuhle & Fox (1965) reported that although binocular rivalry renders a 
strong adapting stimulus invisible for several seconds, a MAE still arises. They 
concluded that this MAE must have been generated before the rivalry process in the 
binocular system took place. The MAEs which Anstis & Moulden found, however, 
were generated after fusion. If fusion takes place after rivalry, these two MAEs have 
different locations in the visual system. 
Adaptation of one eye to a specific form of motion and then testing the other eye 
leads to a MAE opposite to the direction adapted to. This phenomenon is known as 
interocular transfer. The binocular system in Anstis & Duncan's (1983) model is of an 
AND gate type. Interocular transfer can not be explained by such a gate. The source of 
this MAE can only be the adapted eye, so some information has to go through the 
binocular system to the tested eye. A possible solution is the distinction made by Wolfe 
& Held (1981) between a simple and a pure binocular system. The simple binocular 
system is an OR gate: as soon as information arrives from one of the eyes this system 
is activated. The pure binocular system is only activated when fusable information from 
both eyes reaches this system. 
The simple system reacts as soon as input is available, the pure system reacts 
only when input from the two eyes becomes available. It seems that the simple system 
takes care of binocular rivalry and the pure system of fusion. A logical link between the 
two could be that the simple system controls the pure system: as soon as rivalry is 
solved fusion takes place. 
All the systems and connections mentioned so far are summarized in figure 2.3. 
In another experiment Anstis & Duncan used stimuli such as those illustrated in 
figure 2.4. They showed a clockwise real rotation to one eye for 5 s, then the same 
rotation to the other eye for 5 s, and then an anticlockwise rotation to both eyes also for 
5 s. The motion perceived in one eye is 5 s clockwise and 5 s anticlockwise, so that no 
net result should be seen when testing for a MAE in that eye. 
Adaptation to this stimulus sequence led to an anticlockwise MAE when one eye 
was tested and a clockwise MAE when both eyes were tested. According to Anstis & 
Duncan this can be explained by assuming that the binocular system, when activated, 
inhibits the central monocular systems: only peripheral monocular MAEs are generated 
in this case. The results can also be explained by the distinction between a simple and a 
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Figure 2.2 The rotating stimuli used by Anstis & Moulden (1970), Each eye was 
exposed to a clockwise stimulus motion. The combination of these stimuli leads to an 
anticlockwise rotation. The white dots demonstrate the perceived motion: in reality they 
had the same color as the other dots. 
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Figure 2.3 The binocular system subdivided into a 'pure' (AND-gate) binocular system 
* 'simple' (OR-gate) binocular system. and 
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figure 2.4 The rotating stimuli used by Anstis & Duncan (1983). Each eye, 
sequentially, views a clockwise rotation for 5 s, after which the two eyes together view 
an anticlockwise rotation for 5 s; each eye in turn then views the clockwise rotation 
again, etc. 
clockwise motion and an anticlockwise motion for 5л s, so there is no monocular 
MAE. The pure binocular system is only activated 5n s with anticlockwise motion, so it 
results in a clockwise MAE. The simple binocular system is activated with 5n s 
clockwise motion from the left eye, 5n s clockwise motion from the right eye, and 5n s 
anticlockwise motion from both eyes. The net result for the simple binocular system 
therefore is 5n s clockwise motion, so an anticlockwise MAE is generated in the simple 
binocular system. When both eyes are tested, the simple and the pure binocular system 
are tested. The simple binocular system has a anticlockwise MAE and the pure 
binocular system has a clockwise MAE. The outcome that a clockwise MAE is 
observed can be explained by assuming that the MAE of the pure binocular system is 
stronger than the MAE of the simple binocular system. When the left eye is tested the 
left monocular system and the simple binocular system are activated. The left 
monocular system does not have a MAE, and the simple binocular system has an 
anticlockwise MAE. The result is an anticlockwise MAE, which has its origin not in 
the monocular system, but in the simple binocular system. 
For the hypothesis that the pure binocular system is stronger than the simple 
binocular system to receive support, it is necessary to know the relative contributions of 
the elements of the model. This question can be answered by using the 'pooling 
hypothesis' from Wolfe & Held (1983): the magnitude of the aftereffect is a weighted 
mean of the processes that were adapted. This can be formulated as: 
- 2 2 -
The contribution of binocular and monocular systems 
IJL + rJi + s^ + pJ* 
Λ*ΜΑΕ = . (1) 
/,L + rtR + ΐ(5 + ρ,Ρ 
where L and R are the strengths of the left and right monocular systems, respectively 





 are the directions of motion when the left or right 
monocular systems, respectively, are adapted (each -1, 0 or 1); /, and rt are the 
directions of motion when the left or right monocular system, respectively, are tested 
(each -1, 0 or 1); s
a
 and st are the directions of motion when the simple binocular 
system is adapted and tested, respectively (each -1, 0 or 1); and p
a
 and pt are the 
directions of motion when the pure binocular system is adapted and tested, respectively 
(each -1,0 or 1). 
The results of Wolfe & Held can be described in terms of the pooling hypothesis. 
Wolfe & Held found that interocular transfer is 70%. This is based on the simple 
binocular system only: /
a







r t=l, i t=l,p t=0, so 
S 
MMAE = = 0.70. (2a) 
R + S 
When the left eye was adapted to a clockwise rotation and the right eye to an 
anticlockwise one, in such way that there was no simple or pure binocular activity, tests 
on the left eye showed a MAE which was 30% of the MAE found when only the left 








=0; /t=l, rt=0, i,=l, pt=0, this leads 
to 
L 
MMAE= =0-30. (2b) 
L + S 
This means that the exclusively monocular systems contribute 30% to the total 
monocular process. This is in good concordance with the 70% for the simple binocular 
system found with interocular transfer (equation 2a). The ratio L.S is 3:7, so, assuming 
L=R, L:R:S = 3:3:7. 
Testing both eyes when only the left eye was adapted yielded a MAE the 
magnitude of which was 40% of that found when the left eye was tested with the same 
adaptation. There are two ways of calculating the weights in this case: the first one 
involves the inhibition lines from the pure binocular system as suggested by Anstis & 
Duncan (1983). In this case the pure binocular system is not involved in the adaptation 
phase, and the left and right monocular systems do not contribute to the MAE because 
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they are inhibited by the binocular system. This leads to /a=l, ra=0, Ja=l, pa=0; /t=l, 
r,=l, J t=l,p t=l: 
S 
^MAE = =0.40, (2c) 
S + P 
which means that S:P = 2:3. Combining this with L:R:S = 3:3:7 shows that L:R:S:P = 
3:3:7:10.5 or 12.8%:12.8%:29.8%:44.7%. 
The second way of calculating the weights does not involve the inhibition lines, 
but is based on the assumption that the binocular system is stronger than the monocular 
ones, and this could also explain the Anstis & Duncan (1983) results. Here also Za=l, 
ra=0, ja=l, pa=0; /—1, rt=l, Jt=l and pp l , whence 
L + S 
MMAE = = 0.40. (2d) 
L+R+S+P 
Combining L:R:S = 3:3:7 with equation (2d) yields that L:R:S:P = 3:3:7:12 or 
12.0%:12.0%:28.0%:48.0%. 
The weights as calculated with or without the inhibition lines show that the pure 
binocular system is stronger than the simple binocular system; in the case without the 
inhibition lines the pure binocular system is relatively even stronger. In our explanation 
of the results of Anstis & Duncan (1983), in which inhibition lines were not used, we 
had to assume that the pure binocular system is stronger than the simple binocular 
system, and this indeed is the case. 
The ratios of the weights, derived from the data of Wolfe & Held, can be 
empirically verified on the basis of MAEs. The problem, however, is how to obtain an 
objective response from the subject. The experiments mentioned above all used a static 
test stimulus: subjects were adapted to a rotation or motion, and then the stimulus was 
removed. Subjects reported an aftereffect. Only information about the direction and 
duration could be obtained. Duration is not the same as strength: a MAE that is 
long-lasting does not have to be a strong one, and a MAE that is strong does not have 
to be long-lasting. Duration of MAEs has to do with the time required for the adapted 
receptors or neural paths to reach their normal level. Switching from one eye to the 
other, either by closing one eye and opening the other eye or by putting a hand in front 
of the other eye, was used to detect a possible change in direction. Sometimes the time 
needed for an extinction of the MAE was measured, but in no experiment a response 
was used to measure the strength of the MAE, because this simply is not possible with 
a static stimulus. 
During quantitative research using MAEs subjects should be completely unaware 
of the change in the test eye. Change of the eye unnder test should not be initiated by 
- 2 4 -
The contribution of binocular and monocular systems 
the subject or by the experimenter. Neither should there be any sound, light or any 
other signal when a change is made. The test stimulus should be as similar as possible 
to the adaptation stimulus. This test stimulus may not contain motion information 
which is unique to this stimulus; a clockwise rotation should be as easy to see as an 
anticlockwise rotation. In this way a MAE can be superimposed by the subject onto this 
stimulus, the stimulus being specific with respect to motion direction, in order for a 
motion to be perceived. The test phase can follow the adaptation phase without the 
subject knowing that something has changed. Stimuli which fulfil these requirements 
have been used in our experiments. 
Experiment 1 
Our aim of this experiment was twofold: to perform an Anstis-and-Moulden-type 
experiment -but using the new dynamic test stimuli- and test whether the pooling 
hypothesis could be used to derive values for the weights of the subsystems, and to 
compare them with those found by Wolfe & Held (1983). 
In the first experiment of Anstis & Moulden the left eye was adapted to a real 
clockwise rotation and the right eye to a real anticlockwise rotation. After an adaptation 
phase in which rivalry occurred the rotating stimuli were stopped and subjects looked 
with their left, right or both eyes and reported the direction of the MAE. The results 
were that when one eye was tested the direction of the MAE was opposite to the 
direction adapted to. When both eyes were tested no MAE was reported. 
We reproduced this experiment, but now with apparent motion on a 
computer-controlled colour monitor (Wittebrood et al, 1981). It was possible to use 16 
colours on screen at any one time, out of a range of 1024*1024*1024 possible colours. 
The screen had a resolution of 512*512 pixels. Figure 2.5 shows the stimulus used. The 
light bulbs which Anstis & Moulden used in their other experiments were simulated by 
circles whose colour was the same as, or different from, the background. 
Points with colour numbers 1 to 6 formed the stimulus in the adaptation phase; 
points with colours 1 and 12 formed the test stimulus for the left eye; points with 
colours 4 and 13 formed the test stimulus for the right eye. Luminance of the gray 
background was 1.5 cd m-2, that of the white stimulus 10.6 cd m-2 and that of the red 
fixation points was 14.5 cd irr2. At the start of the adaptation phase all colours except 
the fixation points were similar to the background and colour 1 was set to white. After 
120 ms colour 1 was set to gray and colour 4 was set to white for 120 ms, after which 
time the same procedure was applied to colours 2, 5, 3 and 6. After colour 6 was set to 
gray colour 1 became white again. 
When colour 1, 2 or 3 was white, the fixation point for the left eye (colour 10) 
was red and the fixation point for the right eye (colour 11) was gray. When colour 4, 5 
or 6 was white, the fixation point for the right eye (11) was red and the fixation point 
for the left eye (10) was gray. 
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There were 18 stimulus points, so the rotation speed was 60000/(18*120) = 27.8 
cycles minute1, which is close to the 30 cycles minute-1 which Anstis & Moulden 
used. That is why in our experiment one stimulus was on the screen for 120 ms: the 
screen refresh rate was 50 Hz, so that 27.8 cycles minute-1 was the closest we could 
get to 30 cycles minute-1. The size of our screen was 30 cm, and the visual angle of 
the stimulus was 6 deg, as in the Anstis & Moulden experiment. 
After the adaptation phase, colours 1 and 12 for testing the left eye (colours 4 and 
13 for testing the right eye) were alternately white and gray. This stimulus had no 
motion direction information, so in the absence of a motion aftereffect there should 
have been equal perception of clockwise and anticlockwise motion. The location of the 
test point 12 (13) was between points 2 and 3 (5 and 6), to ensure that the perceived 
speed of the adaptation stimulus was the same as the speed of the reported motion in 
the test phase; the time between the successive presentations of points 1 and 12 (4 and 
13) was (120* 1.5)= 180 ms. 
During this test phase only one eye viewed the test stimulus. By switching the 
fixation point for the other eye on or off it was possible to switch between testing just 
one eye or testing both eyes at the same time. Switching the fixation point on for the 
other eye introduced a fusable stimulus region, so the binocular system was activated. 
After the fixation point for the other eye was switched off again only the monocular 
path was activated, since there was no information of any kind presented to the other 
eye. During this switching, the fixation point for the tested eye was increased or 
decreased in luminance, in order to compensate for the luminance change caused by the 
presence of the other fixation point, so that no change in intensity of the fixation points 
was visible. Testing of one eye or both eyes was changed randomly; times for testing 
one or both eyes ranged from 3 to 6 s. 
Because this was apparent motion it was possible to perceive either one of two 
different types of motion with the stimulus in the adaptation phase. Figure 2.6 shows 
that a clockwise motion with velocity ν can be seen, as well as an anticlockwise motion 
with velocity 2v. The -2v percept occurred only now and then, whereas others, such as 
a 4v percept which it was also possible to perceive, did not occur at all. This is a 
version of the wagon wheel effect. 
From a local-correlation viewpoint the motion with velocity ν should have been 
seen, because the distance between the successive dots in that case was half the 
distance between the successive dots when a motion with velocity 2v was perceived. 
Use of a system of mirrors and a septum allowed the left stimulus to be presented 
to the left eye and the right stimulus to the right eye. Subjects held in their hands a box 
with buttons and had to press the left button when they perceived an anticlockwise 
motion, the right button when they perceived a clockwise rotation, or no button when 
they perceived either motion or an ambiguous motion. It was important that they were 
not aware of the end of the adaptation phase/start of the test phase. They were also not 
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Figure 2.5 The stimulus used in the first experiment. Points 10 and 11 were the 
fixation points, and points 12 and 13 were only used in the test phase. See text for 
details. 
aware which eye was being tested. Subjects kept responding until the whole trial was 
over. The response given was sampled every millisecond. 
Each of four subjects took part in two sessions of 1 h. Each session started with 
an adaptation phase of 5 min, and was followed by a test phase of 30 s. The next 
adaptation phase lasted 2 min, and was again followed by a test phase of 30 s. After 
these long adaptation phases the actual measurements began. Each trial consisted of a 
1 min adaptation phase and a 30 s test phase. In the trials, all combinations between 
tested eye and motion directions were balanced. 
The expectations for the results of this experiment are rather straightforward: in 
tests with one eye a clockwise MAE is expected when that eye has been adapted to an 
anticlockwise motion. Only the monocular system of the tested eye is activated at that 
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Figure 2.6 In experiment 1 subjects could perceive a clockwise rotation with velocity 
v, as well as an anticlockwise rotation with velocity -2v. See text for details. 
moment, so the clockwise response should be greater than the anticlockwise response. 
We shall refer to this as the FO phase: no fixation point is shown to the other eye. 
When there is a fixation point for the other eye, the pure binocular system is activated, 
so no MAE should be reported since the activated binocular system has not generated 
any MAEs: there should be no difference in the number of clockwise and anticlockwise 
MAEs reported. We shall refer to this as the Fl phase. 
Results 
We expected that a MAE would be reported in the FO phase, and no MAE in the Fl 
phase. It was possible to see the test stimulus as moving either clockwise or 
anticlockwise, so in the Fl phase the number of clockwise responses should have been 
the same as the number of anitclockwise responses, whereas in the FO phase the 
number of responses based on the MAE should have been greater than the number of 
responses for the other, adapted direction. 
But the results given in table 2.1 show the opposite effect. The results are means 
for all subjects and all test phases. There is a difference between clockwise and 
anticlockwise responses in the Fl phase where there should not have been one, and 
there is no difference between responses in the FO phase, where there should have been 
one. 
A two-way ANOVA for all subjects showed a significant difference between the 
number of responses given in the FO and Fl phases (F¡>424= 10.01; /xO.01) and a 
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fixation point fixation point total 
on (Fl) off(FO) 
MAE reported as anticipated 6.42 4.95 11.37 
opposite response 5.14 4.95 10.09 
total 11.56 9.90 21.46 
Table 2.1 Results of experiment 1. Means for all subjects and all sessions for one test 
phase (30 s). 
significant difference between the number of responses reporting MAE, as expected, 
and the opposite motion responses (Ft,424=5.99; p<0.05). There was also a significant 
interaction (F]424=5.92; p<0.05). All these effects have there origin in the Fl-MAE 
cell. 
Conclusions and discussion 
No MAE was reported in the F0 phase where it was expected, whereas a MAE was 
reported in the Fl phase where it is not expected. 
No difference in responses in the F0 phase could mean that no MAE has been 
generated. This is very unlikely, because we were testing the monocular system. This 
system was adapted to a specific type of motion, so a normal MAE should have 
occurred. A possible explanation may lie in the possibility to perceive different types of 
motions. As stated earlier, a motion with velocity ν as well as a motion with velocityy 
-2v can be perceived. The test stimulus had a spatial velocity 1.5v, which is in between 
the two possible interpretations. It is likely that the two perceivable motions, ν and -2v, 
each produced its own MAE, with velocities -v and 2v, which results in no perceived 
motion in tests with a velocity in between the two. 
Sperling et al (1985) indicated that the perceived stimulus is defined by the time 
interval between two stimuli and their displacement. According to their view it is not 
possible to see a motion with velocity ν at one moment and a motion with velocity -2v 
at the next when the stimulus remains the same. During our experiment, however, both 
velocities were reported: each interpretation can in fact be forced by rotating the eyes in 
the desired direction. Sperling et al's theory cannot account for this. 
Ramachandran and Anstis (1983) stated that the 'visual momentum', the motion 
equivalent of the Gestalt term 'good continuation', can be stronger than the 'proximity 
rule'. This means that when the test phase is started subjects continue to perceive the 
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adapted motion. After some time this preference is overruled by the MAE. In the FO 
case this means that the 'continuation' motion would be equal to the amount of MAE. 
This would be an explanation for our not finding a MAE in the FO phase, but it will not 
hold for the Fl phase, because here a MAE was reported. The 'continuation' would 
lead to a response opposite in direction to the MAE. It is unlikely that the initial 
preference for mition direction occurred only in the FO phase and not in the Fl phase. 
'Visual momentum' therefore can not be an explanation for the results of our 
experiment. 
The difference between the number of responses in the Fl phase can be 
accounted for by assuming that in the presence of the fixation point the binocular 
system, which is activated because there is a fusable element, is fed with the MAE of 
the tested eye. The monocular MAE is passed on to the simple binocular process. There 
is no input from the other monocular system, because it is only stimulated by a fixation 
point, and not by the test stimulus. The net result is a MAE based on the monocular 
system, but passed on through the simple binocular system. This explanation has much 
in common with the phenomenon of interocular transfer mentioned before. 
This explanation implies that there is no 2v MAE that cancels the -v MAE in this 
case. This implies that the first-order MAE (aftereffect -v while adapted to v) is the 
most peripheral one, whereas the higher-order MAEs (aftereffect 2v while adapted to v, 
which is equivalent to adaptation to -2v) appear to be located at a more central point. 
This explanation can only hold if the binocular system is activated in the Fl phase, and 
not in the FO phase. We shall present later on some qualitative evidence that this is 
indeed the case, but we shall provide substantial quantitative support first. 
Experiment 2 
Our aim of this experiment was to provide further support for the idea that a small 
fusable point in the fovea is sufficient to stimulate the pure binocular system. In this 
experiment we used a stimulus derived from the one in the first experiment, but with a 
few modifications (figure 2.7). 
In the first experiment, for about 30% of the time, subjects were unable to give an 
unambiguous response in the adaptation phase as well as in the test phase because of 
conflicting motions: the right side of the stimulus appeared to rotate clockwise whereas 
the left side of the stimulus appeared to rotate anticlockwise. In order to avoid this 
conflict we divided the stimulus into two vertical rows of dots in order to force vertical 
separation. Horizontal bars on top and at the bottom made it still possible to perceive 
the dots as rotating, but at the same time these bars also ensured that there were more 
fusable elements, which we take to activate the pure binocular system over a large area. 
These horizontal bars have the same colour as the fixation point. 
Luminances and procedures were the same as in the first experiment. Eight 
subjects took part in the experiment. They had to respond simultaneously for the left 
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figure 2.7 The stimulus used in the second expenmnent The fusible elements have 
colour numbers 10 and 11 See text for details 
and right row of dots, which they could perceive as moving upward or downward 
separately Again all possible combinations between motion direction and tested eye 
were balanced 
The hypothesis was that in this experiment the findings would, in principle, show 
the same pattern as those from experiment 1 -in which only a small fixation point was 
believed to activate the whole pure binocular system- since the upper and lower 
horizontal bars should have increased the activation of this stimulus 
Results 
The results, listed in table 2 2, show the same pattern as those from the first 
experiment The reported mean responses are higher than in table 2 1 because there 
were only 15% "no-motion" responses in this experiment 
A two-way ANOVA shows a significant difference between the number of 
responses given in the F0 and Fl phases (^ "ід724=11 86, p<0 01) and a significant 
difference between the responses reporting MAE as expecteded, and the reesponses 
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fixation point fixation point total 
on (Fl) off (FO) 
MAE reported as anticipated 7.98 5.64 13.62 
opposite response 6.61 5.85 12.44 
total 14.69 11.47 26.06 
Table 2.2 Results of experiment 2. Means for all subjects and all sessions for one test 
phase (30 s). 
reporting opposite motion (Fy
 1724=7.18, p<0.0l). There was also a significant 
interaction (Fj ,i 724=6.57, p<0.05). All these effects are similar to those found in the 
first experiment. 
Conclusions and discussion 
The results of the second experiment are basically the same as the results of the first 
experiment. There is a higher level of response, which makes the effects appear to be a 
little stronger. The second experiment had more fusable elements, so the assumption 
that the pure binocular system was activated in this experiment is supported. The fact 
that the results of the two experiments agree with each other can be taken as evidence 
that the pure binocular system has been activated in the first experiment. 
General discussion 
There are some additional possible explanations of the spatially extended activation of 
the pure binocular system. It can be argued that, besides the fixation point, there is 
another fusable element in the stimulus used in the first experiment: the circle that is 
formed by the dots. When the dots are moving, the percept is a rotation, so the dots are 
moving in a circular fashion. This (virtual) circle is induced in both eyes at the same 
time, and we assume that this circle also activates the-pure binocular system. Wade et 
al (1991) found that the influence of patterned surrounds on binocular rivalry between 
central radial and circular patterns is independent of the pattern of the surround. It is 
merely the presence of the globally similar spatial surround that leads to longer 
dominance periods and thus to less rivalry. It apparently does not matter whether the 
surrounds are rivalling or fusible. The same explanation can be used for the result of 
our first experiment. A fusible global circle is perceived independently of the 
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non-fusible local elements. Because of this we have to assume that this perception of a 
global circle is developed before activation of the binocular system, and this requires 
that there is some kind of low-level preprocessing. 
Wade et al interpreted their results in terms of greater stability of the eye position 
conferred by the patterned surrounds, which slows down the rivalry process. In our 
experiments this greater stability of eye position leads only to better fixation. A slower 
rivalry process does not interact with the generation of motion aftereffects, since no 
motion was presented in the binocular systems, and does not affect our data in any 
way. 
The explanation that the higher-order MAEs do not occur at the lower-level 
monocular pathways leads to the model shown in figure 2.8. This model can also 
explain the results of Lehmkuhle & Fox (1975), who concluded that the rivalry process 
must be cortical because the aftereffects they found were cortical. It is possible that the 
aftereffects they found are based on the more central monocular pathways in our 
model. It then remains possible that the simple binocular system is at a less central 
level than those monocular aftereffects. 
The formulae in equations (1) and (2) change to 
(Zpa+Zca)L + (rpa+rca)Ä + jgS + pj> 
MMA£ = . (3) 
(/pt+/ct)L + (rpt+rct)R + s¡S+ ptP 
where the additional subsripts ρ and с stand for peripheral and centralmonocular 
systems, respectively. /pa and Zca are equal in magnitude and opposite in sign when 
higher-order MAEs cancel the lower-order ones. We now have: 
S 
MMAE = =0-70 (4a) 
2R + S 
2L 
MMAE = =0-30 (4b) 
2L + S 
The ratio R:S is 3:14 and L:S is also 3:14, so L:R:S = 3:3:14. Formula (2c) does not 
change, since it only involves binocular systems, so L:R:S:P = 3:3:14:21, or 
7.3%:7.3%:34.1%:51.2%. 
Formula (2d) changes to 
2L + S 
MMAE = = 0-40 (4c) 
2L + 2R + S + P 
Combining L:R:S = 3:3:14 with equation (4c) shows that L:R:S:P = 3:3:14:24 or 


























Figure 2.8 Central monocular systems added to the model shown in figure 2.3 
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6.8%:6.8%:31.8%:54.5%. 
In the Fl phase the MAE consists of the MAE from the monocular system passed 
on to the simple binocular system divided by the weights of the binocular system: 
L 
MMAE-
S + P 
L MMAE-
S + P 
3 
14 + 21 
3 
= — u.u/y wiinoui inniDnion ΙΙΠ 
14 + 24 
or 
Based on the original weights from Wolfe & Held (1983) the strength of this 
MAE should be 
L 3 
Λ*ΜΑΕ = =0-171. 
S + P 7 + 10.5 
The difference in the Fl phase between the two types of response (which is the 
MAE part) is 
6.42-5.14 7.98-6.61 
= 0.111 and - = 0.094 
6.42 + 5.14 7.98 + 6.61 
for the first and second experiments, respectively. These values are close to the value 
predicted by the adjusted model. The value for the second experiment is closer to the 
expected one because more responses were made. The adjustments to the model 
therefore appear to be legitimate. 
The explanation we gave for the results of the Anstis & Duncan (1983) 
experiment could only hold if the pure binocular system is stronger than the simple 
binocular system. The weights, as calculated from our experimental results, do indeed 
show that the pure binocular system is nearly twice as strong as the simple binocular 
system, but the weights as calculated with inhibition lines show the same, although 
weaker, tendency. The prediction for the MAE in the Fl condition based on the weights 
with inhibition is closer to the obtained value than the predition according to the 
weights without the inhibition lines. If there is a way to further lower the "no-motion" 
response we expect the difference in the Fl phase to drop furthermore, but we do not 
know whether it will reach the 0.086 or the 0.079 level. The difference is too small to 
conclude that one of the two models is correct: both still hold. 
The model thus far does not say what the link between the simple and pure 
binocular systems is. This link is not clear yet: on the one hand the outcome of the 
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rivalry process contains fusible elements, so the simple binocular system is activated 
before the pure binocular system, on the other hand fusion of part of an object can (via 
point-to-point correlations) stabilise the image and in that way suppress rivalry. The 
low-level global pre-processing we used to explain the results of our experiments has a 
similar effect. This means that there is no direction-specific link between the two 
binocular subsystems. 
Alternation of the short-range and long-range mechanisms can lead to alternation 
of the perceived motion. The fact that there are reasons to assume that the short-range 
processes occur at a different level in the visual system than do the long-range 
processes (van Santen & Sperling, 1974 and Bischof & Gròner, 1985) only strengthens 
this idea. Mather et al (1985) found that the reported MAE with a stimulus which 
contained short-range as well as long-range signals was based on the short-range signal. 
The perceived motion is a reflection of the strength ratio between both processes, not of 
inhibitions. Both processes appear to work independently. Translated in terms of our 
model this means that the peripheral monocular systems are short-range processes, and 
the central monocular systems are long-range processes. 
The results of our experiments show that the method described here is a useful 
tool for this kind of research. It is not self-evident that the results of experiments with 
this method are the same as the results of earlier experiments with static test stimuli. 
The pooling hypothesis is a good aid for further development of the model for the 
perception of apparent motion. 
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Aftereffects of apparent motion: the existence of an AND type binocular system in 
human vision. 
There has been evidence for the existence of a purely binocular system in human vision 
that acts as an AND gate on information from the two eyes. There also has been 
evidence for the nonexistence of such a purely binocular system, indicating only the 
existence of an OR-type binocular system that responds to input from one or both eyes. 
As a result there are a number of possible explanations for the differing experimental 
results: the binocular system is an OR-type system only, it is a facilitating OR system 
that has AND-type characteristics, or it consists of independent OR and AND 
subsystems. Monocular adaptation, alternating monocular adaptation, or binocular 
adaptation were used to prove the existence of the different systems, but in none of the 
previous experiments was the AND-type binocular system activated directly, and the 
existence of this AND system was deduced mostly because of differences in aftereffect 
strengths between monocular and binocular test conditions. Experiments are reported in 
which stimuli have been used that activate the AND-type binocular system explicitly, 
and the results show that we need the existence of such an AND-type binocular system 
to account for the results. 
Introduction 
The visual system involved in apparent motion consists of a number of subsystems, 
each performing a specific part of the motion-perception process. The visual system is 
not simply a sequence of these subsystems, because serial as well as parallel, 
independent processes can be involved. 
Anstis and Moulden (1970) discerned two monocular systems and a binocular 
system, all separately able to be activated and all able to generate a motion aftereffect. 
Moulden (1980), by means of tilt aftereffects, provided a model with three types 
of neurons: two monocular, with input from left and right eye respectively, and one 
binocular, driven through either eye. The strength of the aftereffect in this model is 
dependent on the proportion of subsystems that are both activated in the adaptation 
phase and activated during the test phase and the subsystems that have not been 
activated in the adaptation phase, but only during the test phase. These latter 
subsystems only dilute the aftereffect. 
When one eye is stimulated during the adaptation phase, then that particular 
monocular system and the binocular system, as defined by Moulden, are activated. 
Testing the same eye will show a maximal aftereffect because all the subsystems 
activated in the test, i.e. that particular monocular system and the binocular system, 
were activated in the adaptation phase. When testing is done with both eyes, only two 
of the three subsystems involved during this testing were adapted, so this aftereffect 
should be smaller than the first one. When the nonadapted eye is tested, only the 
binocular system contributes to the aftereffect, because the monocular system that is 
tested was not activated in the adaptation phase. According to Moulden this means that 
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only one of the two subsystems involved was adapted, and thus this aftereffect should 
be smaller than the other two 
The experiments performed by Moulden, revealed a binocular aftereffect that was 
indeed smaller than the monocular aftereffect of the adapted eye, and furthermore an 
interocular transfer (IOT), ι e the aftereffect of the non-adapted eye, that was smaller 
than the binocular aftereffect 
The binocular system as defined by Moulden is an OR system, which is activated 
as soon as input from one of the eyes is available Blake et al (1981) performed a 
threshold-elevation experiment with binocular adaptation and with alternating monocu­
lar adaptation, in which each eye was separately adapted to a grating In each case 
testing was done binocularly During binocular adaptation both monocular systems and 
the binocular system are adapted, and the aftereffect, as predicted by the Moulden 
model, will be maximal During alternating monocular adaptation the binocular OR 
system will be activated as well, and binocular testing will reveal the same aftereffect 
Blake et al did not find a difference between the two types of adaptation These results 
give support to the interpretation of the binocular system as an OR-type gate 
In the experiment by Anstis and Duncan (1983) a clockwise motion evoked by a 
rotating disc was shown to the left eye for 5 s, followed by a clockwise motion 
presented in the right eye for 5 s, followed m turn by a counterclockwise motion shown 
to both eyes for 5 s This was repeated several times Each eye alone saw an equal 
amount of clockwise and counterclockwise motion However, there was a counter­
clockwise monocular aftereffect and a clockwise binocular aftereffect Anstis and 
Duncan ascribed this result to the existence of a specific kind of OR-type binocular 
gate defined as a 'nonlinear synergistic' system, ι e the response of this system to 
binocular stimulation is larger than the response to monocular stimulation Anstis and 
Duncan had to introduce inhibition from this binocular system on the monocular 
systems to explain the occurrence of the monocular aftereffect 
Wolfe and Held (1981) suggested that the binocular system also comprises an 
AND-type gate They showed that the binocular tilt aftereffect after alternating 
monocular adaptation was smaller than the monocular aftereffect, and they concluded 
that the binocular testing activated a process that had not been adapted The IOT 
aftereffect they found was larger than the binocular aftereffect After binocular 
adaptation all aftereffects were maximal, and after alternating monocular adaptation 
both the monocular aftereffect and the IOT aftereffect were maximal, but the binocular 
aftereffect was only 42% of the binocular aftereffect after binocular adaptation Wolfe 
and Held concluded from these results that there must also be a system that responds as 
soon as input from both eyes is available, but that does not respond to activation of one 
eye only This is an AND-type gate 
If such an AND gate exists, then the binocular aftereffect after monocular 
adaptation is based on the adapted monocular system as well as the binocular OR 
system, whereas the tested nonadapted monocular system and the binocular AND 
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system do not contribute to the aftereffect. This means that, assuming that all 
subsystems do contribute equally, the size of the aftereffect should be half (two adapted 
subsystems of four tested subsystems) of the maximal aftereffect. The IOT aftereffect 
should also be half the maximal aftereffect, because from the two tested subsystems, 
the nonadapted monocular system and the binocular OR system only one was adapted. 
However, Wolfe and Held did find a difference between the binocular aftereffect and 
the IOT aftereffect. This means that it is not simply the proportion of the number of 
subsystems adapted and the number of subsystems tested which is relevant, but that the 
contribution of each subsystem to the aftereffect must be weighted: the aftereffect is a 
weighted sum of the output of the adapted and tested subsystems and all tested 
subsystems. 
The results of Anstis and Duncan (1983) can be explained by the assumption of 
an AND-type binocular system and by assuming that the output of the different 
subsystems is weighted. In that case there is no need for inhibition from the monocular 
systems by the binocular system. During adaptation the monocular systems do not build 
up an aftereffect, because they are stimulated with clockwise as well as counterclockw-
ise motion. The AND-type binocular system builds up an aftereffect only when both 
eyes are stimulated with counterclockwise motion. The OR-type binocular system is 
activated for two thirds of the time with clockwise motion and for one third of the time 
activated with counterclockwise motion, resulting in a counterclockwise aftereffect. 
When one eye is tested, the sum of the aftereffects of that specific monocular system 
and the OR-type binocular system will be a counterclockwise aftereffect, only based on 
the response of the OR-type binocular system. When testing is done binocularly the 
resulting aftereffect will be based on the counterclockwise aftereffect of the OR-type 
binocular system and the clockwise aftereffect of the AND-type binocular system. The 
reported clockwise aftereffect indicates that the AND-type binocular system is of 
greater importance than the OR-type binocular system. With this explanation of the 
results of Anstis and Duncan there is no further need for a 'nonlinear synergistic' OR 
system, nor is there any need for the existence of inhibitory connections between the 
binocular and monocular systems. 
So far the evidence for an AND-type binocular system is not direct, but only 
inferred because of problems in the interpretations of the results with the different 
adaptation and test conditions. Wolfe and Held (1982) actually showed the existence of 
a binocular AND system. By using a random-dot stereogram they presented a 
cyclopean chevron that built up a tilt aftereffect. This aftereffect could be seen with 
binocular (including noncyclopean) testing, but not with monocular testing. Wolfe and 
Held (1983) stated that the binocular AND system is not sensitive to higher spatial 
frequencies, that it is not sensitive at near-threshold level, and that it is more sensitive 
to vertically oriented than to horizontally oriented stimuli. 
Wilcox et al (1990) claimed that it is the experimental paradigm used in the 
previous literature that is the cause of the discussions about the existence of an 
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AND-type binocular system. A model with only an OR-type binocular system predicts 
that the binocular aftereffect after monocular adaptation should be larger than the IOT 
after monocular adaptation, whereas a model that includes an AND-type binocular 
system predicts that these aftereffects should be equal in strength. Wilcox et al, using 
gratings and chevrons as adaptation stimuli, did not find a difference between the 
monocular aftereffect and the binocular aftereffect, indicating the existence of an 
AND-type binocular system. The disadvantage of this type of experiments is, according 
to Wilcox et al, the fact that with the monocular adaptation paradigm we have to show 
that there is a significant difference between the two aftereffects to be sure of the 
OR-type binocular system, or the nonexistence of the AND-type binocular system. Not 
finding a significant difference does not automatically mean the existence of an 
AND-type binocular system. 
Wilcox et al performed an experiment with alternating monocular adaptation 
instead of monocular adaptation. If there is only an OR-type binocular system then the 
monocular aftereffect should equal the binocular aftereffect. If there also exists an 
AND-type binocular system, then this AND-type binocular system dilutes the binocular 
aftereffect, and the aftereffect found with monocular testing should be larger than the 
aftereffect found with binocular testing. The results of their experiment with tilt 
aftereffects show that the binocular aftereffect was indeed smaller than the monocular 
aftereffect, thus indicating the existence of an AND-type binocular system. 
The result of Blake et al (1981), who also used the altemating-monocular-
adaptation paradigm, but did not find a difference between the monocular and binocular 
aftereffect, has, according to Wilcox et al (1988), to do with the fact, based on findings 
of Wolfe and Held (1983), that the AND-type binocular system does not respond well 
at threshold level. 
Timney et al (1989) did not support the need of a binocular AND system. They 
stated that whereas there might be some physiological evidence for the existence of a 
binocular AND system, there is much more evidence for the existence of a binocular 
OR system. This binocular OR system shows binocular facilitation: it is activated by 
input from one eye, but its response to simultaneous stimulation from both eyes is 
much larger. 
Timney et al used this facilitating binocular OR system to explain Blake et al's 
finding that the binocular aftereffect found after binocular adaptation does not differ 
from the binocular aftereffect after alternating monocular adaptation. During binocular 
adaptation the binocular OR system is stimulated and fatigued, and the threshold 
elevation will be based on the monocular systems, for both adaptation conditions. The 
results of experiments with tilt aftereffects can also be explained by this mechanism: 
during adaptation binocular neurons sensitive to the adapting orientation are fatigued, 
as well as neurons sensitive to an orientation close to the orientation of the adapting 
stimulus. During testing these fatigued neurons do not show facilitation and neurons 
sensitive to the orientation of the test grating do show facilitation, and their response is 
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much larger than the missing response of the adapted neurons, resulting in a reduced 
binocular aftereffect compared to the monocular aftereffect. This OR-type binocular 
system, as defined by Timney et al, behaves like an AND-type system with OR-type 
characteristics, or, stated in another way, as an OR-type system with AND-type 
characteristics. Later on we will show evidence for the need of a real AND-type 
system, that does not show this OR-type character. 
We have recently studied the interaction between the monocular and binocular 
systems (Van Kruysbergen and De Weert, 1993). Within the monocular system we 
make a distinction between central and peripheral parts, which are independent of each 
other, and assume the existence of both a simple binocular system, the OR system, and 
a pure binocular system, the AND system. This is schematically shown in figure 2.8. 
Estimates are given for the relative weights of the contributions of these subsystems to 
the motion aftereffect. The ratio of the contributions of the left peripheral monocular 
system (Lp), left central monocular system (Lc), right peripheral monocular system (Rp), 
right central monocular system (Rc), the OR-type binocular system (S=simple) and the 
AND-type binocular system (P=pure) are given by: 
Lp:Lc:Äp:Äc:5:P = 3:3:3:3:14:21. 
According to these ratios the binocular AND system is of greater importance than the 
other systems, and the peripheral and central monocular systems are of equal 
importance. 
The way these weights were obtained is rather straightforward: one or more 
systems were stimulated with apparent-motion stimuli during an adaptation phase, 
followed by a phase in which the same or other systems were tested for motion 
aftereffects. The strengths of the reported aftereffects were used as indicators for the 
weights of the system(s) that had built up this aftereffect. We did not test the AND-type 
binocular system directly, but derived its weight from the weights of the other systems, 
as shown in the next paragraphs. 
The strength of the motion aftereffect (MMAE) is given by the ratio of adapted 
mechanisms to activated mechanisms in the test phase. When the left eye is adapted to 
an apparent motion clockwise and the right eye is adapted to an apparent motion 
counterclockwise each eye builds up a MAE. When during adaptation stimulation of 
both eyes is done alternately and only the left eye is tested, the MAE can be described 
as 
L„ + Lc 2L 
MMAE= = (1) 
Lp + Lc + S 2L + S 
which is the ratio of the left monocular system (L) to the left monocular system and the 
binocular OR system, which was also tested, but did not build up a MAE, owing to the 
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fact that it was not stimulated with a direction-specific motion. The strength of the 
MAE gives us information about the ratio between L (or R, the right monocular system) 
and S. 
When both eyes are tested there is no MAE, because the left and right monocular 
systems are activated with direction-opposite motion in the adaptation phase, which 
cancel each other. The binocular OR system is therefore not adapted, so no aftereffect 
is built up. 
When the left eye is adapted to a stimulus that does not contain direction-specific 
motion and the right eye is also adapted to a similar kind of stimulus, but in such a way 
that the combination of these two motions in the OR-type binocular system leads to the 
percept of an apparent motion counterclockwise (cf Anstis and Moulden, 1970), the 
strength of the MAE when only the left eye is tested can be described as 
S S 
MMAE= — = (2a) 
Lp + L
c
 + S 2L + S 
because the left monocular system is not activated with apparent motion in the 
adaptation phase. This again gives us information about the ratio between L (or R) and 
S. The strength of the MAE when the two eyes are tested at the same time can be 
described as 
S 
MMAE = (2b) 
2L + 2R + S + P 
The monocular systems did not adapt to direction-specific motion, thus, since we know 
the relation between L and S and between R and 5, the reported MAE can be used to 
determine the weight of P. 
In this way the ratio's between the subsystems were determined, but the relative 
strength of Ρ could only be derived, not measured directly. 
The aim of the present paper is first to prove the existence of an AND-type 
binocular system by stimulating and testing it directly, and second to obtain the weight 
of this binocular AND system by stimulating exclusively the AND-type binocular 
system, without adapting any of the other systems, and to check whether this weight of 
the binocular AND system is indeed the weight we reported earlier. 
Experiment 1 
The aim in the first experiment was to show that it is possible to adapt to a stimulus 
that evokes a MAE that cannot be explained by monocular systems and an OR-type 
binocular system. Two types of stimuli were used, based on one used in our previously 
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reported experiments (Van Kruysbergen and De Weert, 1993). Neither type of stimulus 
leads to the perception of direction-specific motion when only one eye is adapted, but 
both types lead to the perception of clockwise apparent motion when both eyes are 
stimulated. This is at first view the same as the description of the stimuli used by 
Anstis and Moulden (1970), but there is a crucial difference: the stimuli in the Anstis 
and Moulden experiment induced a MAE in the binocular OR system, whereas the 
stimuli in this experiment induce a MAE in the binocular AND system. 
Stimulus 
The first stimulus used in this experiment is shown in figure 3.1. The basic stimulus is 
shown in figure 3.1a. This stimulus can be rotated for one or two positions clockwise 
or counterclockwise. Note that rotating the stimulus two positions clockwise leads to 
the same stimulus as one rotation counterclockwise. A rotation of three positions leads 
to the original stimulus. The top part of the stimulus (the window in figure 3.1b) is 
schematically drawn in figure 3.1c. The adapting motion consists of the repeated 
sequence of nine frames, as numbered on the left. Frame 1 shows the stimulus to the 
left eye and to the right eye, leading to stimulation of the binocular OR system and the 
binocular AND system. Frame 2 shows the same stimulus to the right eye only. This 
leads to stimulation of the binocular OR system. Frame 3 does the same, but now the 
left eye is stimulated. During frame 4 the stimulus, rotated one position clockwise, is 
shown to both eyes. This leads to stimulation of the binocular OR and AND systems. 
Frame 5 shows the original stimulus to the right eye only, and frame 6 to the left eye 
only. Both only stimulate their monocular system and the binocular OR system. Frame 
7 shows to both eyes a stimulus that is rotated one position counterclockwise to both 
eyes, which stimulates the binocular OR and AND systems. Frames 8 and 9 show the 
original stimulus again to the left and right eye respectively, thus only stimulating the 
left or right monocular system and the binocular OR system. The next frame is frame 1 
again, which stimulates all systems with the original stimulus. 
If one follows the dashed lines from frame 1 to 9 in Figure 3.1c, it is clear that 
the first stimulus in this experiment does not adapt the left monocular system, does not 
adapt the right monocular system, and does not adapt the binocular OR system, but 
does adapt the binocular AND system to a clockwise motion. 
The stimulus as described above leads to a very stable pattern for the monocular 
systems and the OR-type binocular system. For the monocular systems the stimulus 
remains at the same position for four out of six frames, and for the binocular OR 
system the stimulus remains in the same position for seven out of nine frames. In one 
frame the stimulus is moved one position to the right and in one frame it is moved one 
position to the left. 
The second stimulus used in this experiment is schematically shown in figure 3.2. 
This stimulus also does not lead to adaptation in the left and right monocular systems 
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Figure 3.1 The first stimulus as used in experiment 1. (a) Actual stimulus and (b) the 
possible stimulus positions. The part of the stimulus within the window of figure 3.1b 
is drawn schematically in figure 3.1c. Following the black dots from the top to the 
bottom (by following the dashed line) does not lead to direction-specific motion for the 
left monocular system, the right monocular system, or the OR-type binocular system, 
whereas it leads to clockwise motion for the AND-type binocular system. 
and the binocular OR system, but does lead to adaptation to a clockwise motion for the 
binocular AND system. The main difference between stimulus 1 and stimulus 2 is that 
the motion presented to one eye for stimulus 1 is a more stable one than the motion 
presented to one eye for stimulus 2. Use of stimulus 2 will lead to a jittering 
appearance of the dots for the monocular systems and the OR-type binocular system. 
The stimulus in the test phase is the same for both types of stimuli and is shown 
in figure 3.3. A non direction-specific apparent motion with velocity equal to the 
adaptation velocity for the binocular AND system is used. This ambiguous motion 
could be shown to the left eye, the right eye, or both eyes. 
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Figure 3.2 The second stimulus used in experiment 1 also does not lead to 
direction-specific motion for the left monocular system, the right monocular system, or 
the OR-type binocular system, whereas it leads to clockwise motion for the AND-type 
binocular system. 
Apparatus 
The motion in the adaptation phase is obtained by presenting the nine frames 
sequentially, each for 33.3 ms (screen refresh rate 60 Hz, 2 vertical blanks). The 
ambiguous motion in the test phase is obtained by presenting the two test frames 
sequentially, each for approximately 150 ms (9 vertical blanks). 
The stimulus was presented on a Sony Trinitron colour monitor controlled by an 
Atari 1040 STfm. The colours used were black for the background, red for the fixation 
points and yellow for the moving dots. The experiment was conducted in a darkened 
room. The visual angle of the stimulus was 6 deg. 
The use of a system of mirrors and a septum made sure that the left-hand 
stimulus was exclusively presented to the left eye and the right-hand stimulus to the 
right eye. The left-eye and the right-eye stimuli were fusible when both eyes were 
stimulated. Subjects held inn their hands a box with buttons in their hands and had to 
press the left-hand button when they saw a motion counterclockwise and the nght-hand 
button when they saw a motion clockwise. When they did not see unambiguous motion 
they did not have to press anything. The responses were sampled every millisecond. 
Subjects and method 
Six subjects took part in this experiment. Subjects were not aware of the aim of the 
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stimulus left eye right eye 
frame stimulus stimulus 
О 
(a) 
stimulus left eye right eye 
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Figure 3.3 The testing conditions. Figure (a) shows the monocular test stimulus, which 
does not contain any direction-specific motion, and only activates the monocular 
system tested (in this case the left monocular system) and the OR-type binocular 
system. Figure (b) shows the binocular test stimulus, which also does not contain any 
direction-specific motion, and activates both monocular systems and the OR-type 
binocular system as well as the AND-type binocular system. 
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experiment. Each of these subjects participated in three sessions with the first stimulus 
type and the monocular test condition, three sessions with the first stimulus type and 
the binocular test condition, three sessions with the second stimulus type and the 
monocular test condition and three sessions with the second stimulus type and the 
binocular test condition. Which eye was tested in the monocular test condition was 
randomised. Each session consisted of a 3 min adaptation phase, followed by a 30 s test 
phase, followed by three 1 min adaptation phases with 30 s test phases. Subjects had to 
give a response during the adaptation phase as well as the test phase, because, contrary 
to what is usual in aftereffect studies, subjects were not aware of the change from 
adaptation phase to test phase. It is as if they superimposed their MAE on the non 
direction-specific test motion, which resulted in perceived apparent motion based on 
their MAE, and not in perceived MAE. Only the responses from the last three test 
phases were used. 
The responses given in the test phase are used to estimate the strengths of the 
MAEs. When the total response in accordance with the expected MAE (Γ
Μ Α Ε
) was for 
example 15 s, the response not in accordance with the expected МАЕ (Γ'
Μ Α Ε
) 10 s and 
the time no response was given 5 s, the strength of the MAE is 
TMAE-^'MAE 15-10 
MMAE= —= = 0 · 2 <3) 
^МАЕ + ^МАЕ 1 5 + 1 0 
In this way the strength of the MAE is a value somewhere between 0 (no MAE) and 1 
(maximal MAE). The Λί
ΜΑΕ
 of 0.2 shown as an example is not a strong MAE, which 
can also be concluded from the fact that during the 30 s test phase the perceived motion 
was for 15 s in the direction of the predicted MAE and for 10 s in the other direction. 
Note that Λ/
ΜΑΕ
 can also be negative, indicating that the amount of motion as predicted 
is smaller than the amount of motion in the opposite direction. A negative Λί
ΜΑΕ
 means 
that there is no MAE. 
Results and conclusions 
The responses given in the adaptation phases show that all subjects did see a clockwise 
apparent motion during the whole adaptation phase, which is as expected. 
The main results for the MAEs are given in table 3.1. It shows the mean response 
times and strengths of the MAE for all subjects for both stimuli. The mean strengths of 
the MAEs based on the monocular testing are close to zero for both stimulus types, 
indicating that there was no monocular MAE, which is as expected, because the 
monocular systems and the binocular OR system were not adapted to direction-specific 
motion. Testing the binocular system reveals a MAE as expected, and the strengths for 
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My MAE 0.028 0.430 
stimulus 2 
Table 3.1 Mean MAE strengths (MMAE) and response times in s (with standard 
deviations in parantheses) for responses for motion aftereffects in the expected direction 
(Г
М А Е
) and in the opposite direction (7"MAE) in the experiment 1. The results for 
stimulus 1 and stimulus 2 show the same pattern. 
The two types of stimuli used reveal the same result: there is no MAE for the 
monocular systems, and there is a MAE as expected for the binocular system. 
When, during the test phase, both eyes are tested the responses given in that 
instance are based on the binocular system and the monocular systems. Within the 
binocular system only the AND-type part was adapted. The monocular systems and the 
OR-type binocular system were not stimulated with motion at all, so M M A E is 
determined by 
M, M A E -
2L + 2R+S + P 
(4) 
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From our earlier work (Van Kruysbergen and De Weert, 1993) we know that the 
ratio between S and Ρ is 14:24, so M M A E should be 24/(2*3+2*3+14+24) or 0.480, 
which is close to the strength found in this experiment: the mean result for MMAE for 
the first stimulus is 0.467 and the mean MMA£ for the second stimulus is 0.430. The 
fact that for stimulus 1 the total amount of time that the binocular MAE was reported 
(17.58 s) is larger than for stimulus 2 (12.18 s) is possibly due to the fact that the 
monocular systems are stimulated with a more stable pattern for the first stimulus, thus 
inducing less ambiguity. The results for A/MAE for monocular testing of stimulus 1 
(-0.017) and stimulus 2 (0.028) are both close to zero, as expected. 
The stimuli used in this experiment show that an AND-type binocular system 
does exist and that it can be directly adapted. The results of the binocular test condition 
clearly show that the ratio between the OR-type and the AND-type binocular system is 
very close to the one we had previously derived (Van Kruysbergen and De Weert, 
1993). 
Experiment 2 
In the first experiment we showed that an AND-type binocular system exists. In this 
experiment we tried to find further evidence for the existence of the binocular AND 
system by adapting the binocular OR system and the binocular AND system to 
different types of motion. It should be possible to adapt the left and right monocular 
systems and the binocular OR system with an apparent motion that is opposite in 
direction to the motion the binocular AND system is adapted to. 
The stimulus used in this experiment is shown in figure 3.4. It is based on the 
stimuli used in experiment 1 - the only difference is the sequence of dots. This stimulus 
evokes the same clockwise apparent motion in the AND-type binocular system, but 
shows a counterclockwise apparent motion to the left monocular system, the right 
monocular system, and the OR-type binocular system. When this stimulus is shown for 
some time, the monocular systems will be adapted to the counterclockwise apparent 
motion. During monocular testing the strength of the monocular MAE should be close 
to maximal, because when only one monocular system is tested, it is implied that this 
monocular system and the binocular OR system are tested, which were both adapted 
with the motion of the same direction. When both eyes are tested the perceived MAE 
will be based on the AND-type binocular system, which was adapted to a clockwise 
apparent motion, and on the binocular OR system and monocular systems, which were 
adapted to a counterclockwise apparent motion. The resulting strength of the binocular 
MAE will be: 
P-S-2L-2R 24-14-2*3-2*3 
MMAE = = = -0.040 (5) 
2L + 2R + S + P 2*3+2*3+14+24 
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Figure 3.4 The stimulus used in experiment 2 drawn schematically. The sequential 
presentation of the nine frames leads to counterclockwise motion for the left monocular 
system, the right monocular system and the OR-type binocular system, whereas it leads 
to clockwise motion for the AND-type binocular system. 
which means that when testing is done with both eyes we hardly expect any response, 
because the MAEs from the left monocular, the right monocular and the OR-type 
binocular systems cancel the MAE of the AND-type binocular system. 
The same procedure as in the first experiment was used. Six subjects participated 
in this experiment; they were not the same subjects as in the first experiment. 
Results and conclusions 
The main results are shown in table 3.2. The mean value of the MAE strength for the 
monocular test condition is high, whereas the mean value of the MAE strength for the 
binocular test condition is close to zero. 
The strength of the binocular MAE found in this experiment, 0.010, is close to 
the predicted value of -0.040, indicating that the MAE of the AND-type binocular 
system is cancelled by the opposite MAEs of the OR-type binocular system and the 
monocular systems. This experiment does not only give further support for the 
existence of an AND-type binocular system, it also shows that this subsystem can be 
adapted independently of the other subsystems, and builds up its own aftereffect. 
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Monocular Binocular 
testing testing 
7 M A E 21.39 (5.44) 8.23 (2.37) 
7"MAB 1.41(1.44) 8.07(1.68) 
M M A E 0.878 0.010 
Table 3.2 Mean MAE strength ( M M A E ) and response limes in s (with standard 
deviations in parentheses) for responses for motion aftereffects in the expected direction 
(Γ
Μ Α Ε
) and in the opposite direction (7" M A E ) in experiment 2. 
Experiment 3 
In the first experiment the weight of the binocular AND system was derived from the 
weights of the monocular system and the binocular OR system. In the second 
experiment this weight was used to predict the strength of the aftereffect. In these 
experiments, and in all experiments reported in the literature, the weight of the 
AND-type binocular system was dependent of the estimates of the other subsystems, 
and in particular the weight of the OR-type binocular system. The aim in this 
experiment was to derive the weight for the binocular AND system without having to 
use the binocular OR system. 
The stimulus used in this experiment is given in figure 3.5. It evokes the percept 
of clockwise apparent motion in the AND-type binocular system again, but no 
direction-specific motion for the left monocular system and the OR-type binocular 
system. However in this case it gives rise to clockwise apparent motion in the right 
monocular system. 
When one looks at the stimulus in this experiment for some time, the binocular 
AND system is adapted to a clockwise apparent motion and the right monocular system 
is also adapted to a clockwise apparent motion. The prediction is that testing the left 
eye will not lead to a MAE, because neither the left monocular system nor the simple 
binocular system are adapted. Testing the right eye will lead to a MAE based on the 
clockwise motion in the adaptation phase. The strength of this MAE will be 
2Ä 2*3 
MMAE = = = 0.300 (6) 
2R + S 2*3 + 14 
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Figure 3.5 The stimulus used in experiment 3 drawn schematically. The sequential 
presentation of the nine frames does not lead to direction-specific motion for the left 
monocular system and the OR-type binocular system, whereas it leads to a clockwise 
motion for the right monocular system and the AND-type binocular system. 
when the original weights of Van Kruysbergen and De Weert (1993) are used. 
The prediction for the test with both eyes is that the MAE consists of the right 
monocular MAE and the AND-type binocular MAE, which have the same direction. 
2R + P 
M, M A E - = 0.600 
2L+2R + S + P 
(7) 
The prediction in this experiment is that the binocular Λ/
ΜΑΕ
 is twice as large as 
the right monocular M M A E . 
When the left, nonadapted eye is tested the prediction is that there will be no 
MAE, because none of the subsystems activated during the test phase (the left 
monocular system and the OR-type binocular system) have built up a MAE. The result 
will be 
A#, M A E " " = 0.000 
2L + S 
(8) 
The same procedure as in the first and second experiment was used, and the same 
six subjects that took part as in experiment 2. In this case three additional sessions were 
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Table 3.3 Mean MAE strengths (MM A E) and response times in s (with standard 
deviations in parentheses) for responses for motion aftereffects in the expected direction 
(Γ
ΜΑΕ
) and in the opposite direction (T'MAE) in experiment 3. 
necessary in order to test both eyes separately, because the left monocular system and 
the right monocular system received different motion information. 
Results and conclusions 
The main results are shown in table 3.3. It shows the mean response times and 
strengths of the MAEs for all subjects for each tested eye and for the binocular testing. 
The value of Λί
ΜΑΕ
 of the nonadapted (left) eye, -0.058, is close to zero, as expected. 
That of the adapted (right) eye is 0.328, which is close to the expected value of 0.300. 
The strength of the binocular MAE, 0.583, is close to the expected 0.600, so the 
prediction that the size of the binocular Λ/
ΜΑΕ
 would be twice the size of the right 
monocular Λί
ΜΑΕ
 is confirmed. 
The monocular MAE of the adapted eye found in this experiment consists only of 
the MAE of the right monocular system. From equation (6) it can be derived that 
2*( 1-0.328) 
S= R = 4A0R. (9) 
0.328 
This value is close to the expected S = (14/3) R = 4.67 R based on the original weights 
from Van Kruysbergen and De Weert (1993). From equation (7), assuming L = R, can 
be derived that 
(4+4.10)*0.583-2 
P = R = 6.529 R (10) 
1-0.583 
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This value is fairly close to the expected Ρ = (24/3) R = 8 R based on the original 
weights. 
The estimates for the weights of the monocular systems are in nice concordance 
with the weights from our previous experiments (Van Kruysbergen and De Weert, 
1993). 
General discussion 
Under the assumption that an AND-type binocular system does exist the results of the 
experiments show that this binocular AND system can be activated on its own. In the 
past the existence of the AND-type binocular system was deduced because binocular 
aftereffects were smaller than monocular aftereffects or binocular aftereffects occurred 
that were not measured monocularly. This could indicate the existence of an AND-type 
binocular system because of the diluting effect, but not that this system could be 
stimulated independently. Experiment 1 clearly shows that it is possible to stimulate 
exclusively the AND-type binocular system, and the size of the aftereffect of this 
binocular AND system is as predicted by the weights from our previous experiments 
(Van Kruysbergen and De Weert, 1993). Experiment 2 shows that it is possible to 
activate the OR-type binocular system and the AND-type binocular system with 
motions of opposite direction. In this case the aftereffects of the monocular systems and 
the binocular OR system cancel the aftereffect of the binocular AND system, whereas 
the monocular aftereffects are strong. Experiment 3 shows that, with the proper choice 
of the stimulus, each subsystem can be activated in a specific direction. In this 
experiment the right monocular system and the AND-type binocular system were 
activated with the same type of motion, and, from these aftereffects the ratio of the 
monocular and the binocular AND system could be obtained. This ratio was very much 
like the one predicted by the original weights. 
The results of the experiments can not be explained by the assumption of a 
facilitating OR-type binocular system as Timney et al (1989) suggested. In the 
adaptation phase of the first experiment the OR-type binocular system, which is 
sensitive to the adapting direction and speed of motion, shows facilitation when both 
eyes are simultaneously stimulated. This results in a perceived clockwise motion. 
During monocular testing the monocular systems do not respond, because they were not 
adapted, and the binocular OR-type system should respond with an aftereffect 
counterclockwise, though not as large as the aftereffect when testing was done 
binocularly, because there is no facilitation in this test condition. If a facilitating 
binocular OR system existed then we would expect a MAE during monocular testing. 
However, the results of the first experiment do not show a monocular aftereffect of any 
size. 
In experiment 2 the facilitating OR-type binocular system is stimulated with a 
counterclockwise motion. The output of this binocular system is small when it is 
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stimulated by one eye only, and it is large when it is stimulated with a clockwise 
motion when it received simultaneous input from both eyes. During the whole 
adaptation phase the facilitating OR-type binocular system is stimulated with a 
counterclockwise motion, so monocular and binocular testing should result in a 
clockwise MAE. This apparently is not the case: monocular testing does not lead to a 
specific MAE, whereas binocular testing leads to a strong MAE. 
The same line of reasoning holds for experiment 3. The facilitating OR-type 
binocular system is stimulated with a motion stimulus that is not direction-specific, and 
this binocular system will therefore not build up a MAE. The existing aftereffect found 
in the binocular test phase again shows that the location of this aftereffect can not be in 
a facilitating OR-type binocular system. 
This does not mean that a facilitating OR-type binocular system cannot exist. The 
aftereffects of the AND-type motion information of the stimuli used in the experiments 
can be built up by a system that is activated by the facilitating OR-type binocular 
system as Timney et al (1989) describe. The output signal of the OR-type binocular 
system is facilitated when there is input from both eyes simultaneously, whereas the 
signal of this binocular OR system is low when there is stimulation from only one eye. 
The input of this new system therefore shows the characteristics of the output of a 
binocular AND gate, and the aftereffects built up by this new system are aftereffects 
based on the AND-type part of the stimulus. Such a new system shows all 
characteristics of an AND-type binocular system. 
In summary, all these results indicate that one has to accept the existence of an 
AND-type binocular system. It might very well be possible, however, that this system 
is not completely independent of the binocular OR system. It is possible that a 
facilitation OR-type binocular system feeds this AND-type binocular system. 
- 5 9 -
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The relation between eye movements, perceived motion and motion aftereffects in 
apparent motion. 
There are a number of factors that can have an influence on the strength and direction 
of a motion aftereffect. The adapting motion perception, retinal image movement, or 
eye movements do not always predict the perceived motion aftereffect. In this paper the 
relation between the eye movements and perceived motion is studied in an 
apparent-motion paradigm. There appears to be a relation between eye movements and 
perceived motion during the adaptation phase, but it is not a causal relation. During the 
test phase the motion aftereffect response is prior to the corresponding eye movements, 
and motion response that is not according to the expected direction is preceded by eye 
movements in that direction. However, when subjects are asked to fixate to a point 
during the experiment the motion aftereffect response remains, but the relations with 
eye movements disappear. Apparently the eye movements in the adaptation phase do 
not predict the direction of perceived motion in the test phase (the MAE). 
Introduction 
After prolonged observation (adaptation) of a moving target the target appears to move 
in the opposite direction when it is stopped. This is known as the motion aftereffect 
(MAE). There are a number of factors occurring during the adaptation phase, which can 
have an influence on the strength or the direction of the MAE. 
A first factor that does influence the direction of the MAE is of course the 
direction of the adapting motion. Anstis & Duncan (1983) stimulated the left eye of a 
subject with a clockwise rotary motion and the right eye with a counterclockwise rotary 
motion. Subjects were not able to see unambiguous motion because of the rivalry 
between the two motions. When the motion was stopped, the left eye showed a 
counterclockwise MAE and the right eye showed a clockwise MAE. Obviously the 
direction of the MAE in the tested eye was opposite to the direction of the adapting 
motion for that eye. This clearly shows that the motion-direction of the adapting 
stimulus does not have to be the actually perceived motion-direction, because there was 
no unambiguous perceived motion in the adaptation phase. Anstis & Moulden (1970) 
stimulated the left eye and the right eye with a clockwise rotating stimulus, which was 
constructed in such a way that the motion information of the two eyes together resulted 
in a perceived counterclockwise motion. The direction of the MAE resulting from this 
motion was clockwise, even when the testing was done monocularly. Anstis & 
Moulden explained these results by introducing inhibition of the monocular systems by 
the binocular system, but we showed that this can also be explained by the greater 
weight of the binocular system as opposed to the monocular systems in the eventual 
outcome of the perceptual process (Van Kruysbergen & De Weert (1993). 
These results show that it is not simply the direction of the perceived motion that 
determines the direction of the MAE, but that the specific type of adapting stimulus and 
the specific system put to the test determine the direction of the MAE as well. 
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A second factor that might influence the direction of the MAE is retinal image 
movement Anstis & Gregory (1965) stated that the MAE is a result of retinal image 
movement instead of perceived motion When observers track a moving target over 
stationary vertical bars a MAE of the vertical bars was perceived This involved retinal 
image movement and not perceived motion If observers tracked moving vertical bars 
no MAE was reported In the latter case there was no retinal image movement, but only 
perceived motion According to Anstis & Gregory tracking a moving target over a 
stationary pattern results in the same MAE as fixation during observation of a moving 
pattern Mack, Goodwin, Thordarsen, Benjamin, Palumbo & Hill (1987) could not 
reproduce the latter results They found that sustained retinal image movement caused 
by tracking a moving target does not result in a MAE equivalent to the MAE from 
comparable retinal image movement caused by actual motion of a grating Mack et al 
claim that the MAE based on tracking a moving target is in fact induced motion by the 
MAE of the retinal stimulated areas to the nonstimulated areas Swanston & Wade 
(1992) showed that relative motion between elements of a display is the factor that 
determines the MAE, not the retinal image movement of the individual elements 
A third factor that might influence the strength and direction of the MAE is the 
occurrence of eye movements This is of course related to the factor of retinal image 
movement, but it is not the same Hey wood (1973) found that a row of stationary dots 
lit with stroboscopie light is perceived as an apparent motion if a smooth eye 
movement is made along the row This apparent motion then can itself act as a stimulus 
for sustained eye movements Heywood studied the effects of interdot distance and 
flash rate upon parameters of smooth eye movements and upon saccadic behaviour 
Morgan & Turnbull (1978) also found that discrete spatial jumps elicited smooth 
tracking eye movements, but the tracking was increasingly interrupted by saccades 
when the temporal interval between the spatial jumps of the target was longer than 150 
msec A target that could elicit and sustain smooth tracking appeared perceptually to be 
moving continuously, rather than discretely, even when the eyes were voluntarily 
prevented from following the target Boman & Hotson (1988) found that perceived 
motion is a stimulus for anticipatory slow eye movements Apparently eye movements 
do have different functions in motion perception on the one hand they can be 
responsible for the detection of the motion, and on the other hand they can sustain the 
perception of that motion The fact that eye movements can play a role in the 
perception of motion does not necessarily imply that eye movements also play a role in 
the MAE Drysdale (1975) showed that a MAE is evoked even when there were no eye 
movements during the adaptation He also showed that the MAE is independent of 
movement of the test stimulus due to nystagmus 
So far it is not clear to what extent the factors mentioned, the adapting motion 
stimulus, the perceived direction and strength of motion, the retinal image movement, 
and eye movements do contribute to the MAE Moulden (1975) stated that eye 
movement-generated retinal image movements do not constitute a necessary condition 
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for the production of the MAE. 
When apparent motion is used, there clearly is no retinal image movement, but 
MAE's do occur. In our previously reported experiments (Van Kruysbergen & De 
Weert, 1993) we show that a MAE occurs even when there is no perceived motion in 
the adaptation phase. We presented a clockwise rotating stimulus to the left eye and a 
counterclockwise rotating stimulus to the right eye. Due to the rivalry between these 
two motions there was not much perceived motion during the adaptation phase. 
However, when the left eye was tested in the test phase subjects responded a 
counterclockwise MAE, and they responded a clockwise MAE when there right eye 
was tested. Subjects were not aware of the fact that their MAE was tested: we used a 
dynamic test stimulus as opposed to a static test stimulus, that contained the same 
motion speed information, but no information concerning the direction of motion. The 
adaptation stimulus and the test stimulus we used can be seen in figure 4.1. 
In a prototypical apparent-motion MAE study there is an adaptation phase, in 
which observers view an apparent moving stimulus for some time, followed by a test 
phase, in which the motion aftereffect will be superimposed on the test stimulus. 
During both phases, the adaptation and the test phase, responses of perceived motion 
can be obtained, as well as eye movements. In this paper we will study some of the 
possible relations between and within eye movements, perceived motion and motion 
aftereffect using the stimuli of our earlier reported experiments. The possible relations 
that can be studied are shown in figure 4.2. 
The first possible relation is between the observers perceived motion in the 
adaptation phase and the observers perceived motion in the test phase. In a simple 
apparent motion paradigm this will result in a negative correlation: the MAE will be of 
an opposite sign to that of the adapting motion stimulus. In the first experiment of Van 
Kruysbergen & De Weert (1993) the relation between the perceived motion in the 
adaptation phase and the test phase was not of interest: there is no unambiguous 
perceived motion because the two eyes are viewing a motion of different direction. The 
tested eye is not necessarily showing a MAE that is based on the reported, perceived 
motion in the adaptation phase, as shown earlier. 
The second relation that can be of interest is the relation between the observers 
smooth eye movements in the adaptation phase and the observers smooth eye 
movements in the test phase. For the stimuli we used in this paper the adaptation 
stimuli for the two eyes are different with respect to the direction of the motion shown, 
so relating the eye movements in the adaptation phase to eye movements in the test 
phase will be of no value. 
A third relation can be found between the observers smooth eye movements in 
the adaptation phase and the observers perceived motion in the adaptation phase. As 
stated earlier, smooth eye movements can evoke a response (Heywood, 1973) and the 
perceived motion can evoke pursuit eye movements (Boman & Hotson, 1988). This 
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Figure 4.1 The stimulus as used by Van Kruysbergen and De Weert (1993). During the 
adaptation phase the left eye views a clockwise apparent motion and the right eye 
views a counterclockwise motion. The test stimulus contains non- direction specific 
motion information, on which the motion aftereffect will be superimposed. 
means that there will be a correlation between smooth eye movements and perceived 
motion. 
The fourth relation that can be of interest is between the observers smooth eye 
movements in the test phase and the observers perceived motion in the test phase. In 
the past this relation was not studied, because static test stimuli were used. The testing 
stimulus was the stopped adapting stimulus. Eye movements were therefore not 
meaningful, and the role of eye movements in the perception of a MAE is not clear yet. 
A fifth relation can be found between the observers perceived motion in the 
adaptation phase and the observers smooth eye movements in the test phase. Because 
of reasons mentioned earlier nothing can be said about this relation because eye 
movements in the test phase were not measured meaningfully until now. 
A sixth relation is the one between the observers smooth eye movements in the 
adaptation phase and the observers perceived motion in the test phase. This relation is 
of great importance: the response in the test phase can be a combination of the two 
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perceived motion (MAE) 
Figure 4.2 Relations between eye movements and perceived motion during the 
adaptation phase and the test phase that can be studied in an apparent motion/motion 
aftereffects paradigm. 
monocular systems and the binocular system (Van Kruysbergen & De Weert, 1993), 
and the adapting stimulus that elicited this MAE can have effects on the eye 
movements. Stated otherwise: when the left eye views a clockwise motion and the right 
eye views a counterclockwise motion, as in the stimulus we used in this paper, the 
perceived motion will be ambiguous. The MAE of the left eye will be a 
counterclockwise motion and the MAE of the right eye will be a clockwise motion. The 
observers response while testing the left eye will be counterclockwise, whereas the 
smooth eye movements of the left eye do not necessarily have to be based on the 
adapting clockwise motion shown to the left eye, but smooth eye movements based on 
the counterclockwise motion as presented to the right eye can occur as well. 
In summary: the possible relations between eye movements, perceived motion 
and MAE are not of equal interest. Relating the smooth eye movements in the 
adaptation phase to the perceived motion in the adaptation phase will show a positive 
correlation. This could mean that there also will be a positive relation between smooth 
eye movements in the test phase and the perceived motion in the test phase. If this is 
the case then there would be no further need of eye movement recording, because the 
perceived motion would then serve as a good predictor for the eye movements. 
The relation between the eye movements in the adaptation phase and the perceived 
motion in the test phase is of great importance, because it can show the role eye 
movements play in the generation of a MAE, if any. 
The aim of this paper is twofold. First the relation between the smooth eye 
movements in the test phase and the perceived motion in the test phase (the MAE) is 
studied. If the correlation is a positive one, as we expect because of the positive 
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relation between the smooth eye movements in the adaptation phase and the perceived 
motion in the adaptation phase, then there is no further need to measure these eye 
movements in the test phase, or to measure the perceived motion responses. 
The second aim of this paper is to study the relation between the smooth eye 
movements in the adaptation phase and the perceived motion in the test phase, the 
MAE. If such a relation exists then eye movements during the adaptation phase can 
predict the direction of the MAE during the test phase. If such a relation does not exist 
then apparently eye movements during the adaptation phase are not of importance for 
generating a MAE. 
Experiment 
This Experiment is similar to the first experiment of Van Kruysbergen & De Weert 
(1993). The main difference is that in this study the eye movements could be 
measured1, and that there were two different conditions concerning the fixating of the 
subjects. The first aim of this experiment was to verify the positive relation between 
eye movements during the adaptation phase and the direction of the perceived motion 
during the adaptation phase. The second aim is to investigate the relation between the 
eye movements in the test phase and the direction of perceived motion in the test phase. 
The last aim was to relate the findings of a no-fixation condition in which subjects are 
free to move their eyes, to a fixation condition in which subjects have to fixate on a 
specific point. 
Stimulus 
The stimulus, already shown in figure 4.1, is drawn schematically in figure 4.3. The 
stimulus for the left eye consisted of 8 dots that are visible for 50 ms, then became 
invisible (the same color as the background) for 50 ms, jumped clockwise one position 
and became visible again for 50 ms, and so on. After three clockwise jumps the 
original stimulus reappeared on the screen. The stimulus for the right eye also consisted 
of 8 dots, which were invisible for 50 ms, jumped counterclockwise one position and 
then were visible for 50 ms. Note that the left eye and the right eye were never 
stimulated simultaneously. In this way the rotation speed was 60000/(18*100)=33.3 
cycles min-1, which is close to the 27.8 cycles min-1 Van Kruysbergen and De Weert 
(1993) used. The difference in rotation speed arises from the difference in screen 
refresh rate (50 Hz in the original experiment and 60 Hz in this experiment). The test 
stimulus is shown in figure 4.3, and consisted of an alternation of the dots with color 
[1] The experiments were conducted at the Center for Visual Science at Rochester, 
New York, USA, in the summer of 1990. Conducting these experiments was made 
possible by a Summer Scolarship of CVS. 
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Figure 4.3 The stimulus used in the experiment drawn schematically. Points 10 and 11 
are the fixation points in the fixation condition, points 12 and 13 are only used in the 
test phase. See text for details. 
number 1 and 12 when the left eye was tested, and an alternation of the dots with the 
color numbers 4 and 13 when the right eye was tested. During this alternation all the 
dots with the same color number were visible for 150 ms, to make sure that the rotation 
speed of the possibly perceived motion in the test phase was the same as the rotation 
speed during the adaptation. Note that subjects were not aware of the change from 
adaptation phase to test phase. 
During the fixation condition the fixation point with color number 10 or 11 was 
present as long as the dots in the left or right eye are visible. In the no-fixation 





The stimuli were generated on an Apple Ilfx computer, equipped with AD converters to 
collect the eye movement data from a dual Purkinje SRI eye tracker (Crane & Steele, 
1978). In this way eye movements from the left and the right eye could be obtained 
independently and simultaneously, and the eye-movement data could be tied to the 
motion response of the subjects. 
The use of a system of mirrors and a septum allowed the left stimulus to be 
presented to the left eye only and the right stimulus to the right eye only. The mirrors 
were adjusted in such a way that the two stimuli were seen on the same location. 
Subjects held a response box with two buttons in their hands. They had to press the 
left-hand button when they saw counterclockwise motion and they had to press the 
right-hand button when they saw clockwise motion. When they did not see 
unambiguous motion they did not have to press anything. The response of the subject 
and the eye positions were recorded every millisecond. 
Subjects and method 
Four subjects took part in this experiment. All of them had normal vision. The 
experiment started with a calibration phase, in which subjects had to fixate on a point 
on the screen, and press one of the response buttons as soon as their gaze reached the 
fixation point. This was repeated for a number of points, in order to obtain the 
coordinates of these point from the SRI tracker. This was done for the left and the right 
eye at the same time. After this calibration phase the actual sessions started. Each 
session consisted of one 5 min adaptation phase, which was followed by a 30 s test 
phase, one 2 min adaptation phase, also followed by a 30 s test phase, and three 1 min 
adaptation phases, each followed by a 30 s test phase. We only used the data from the 
last three adaptation and test phases, the first two adaptation and test phases were 
meant to make sure that the subject was well adapted. Each subject participated in six 
of these sessions: three times with the presence of a fixation point in the middle and the 
instruction to fixate on this point as good as possible, and three times without the 
fixation point, during which subjects were free to move their eyes over the screen. 
In a test phase the left eye, the right eye or both eyes were tested. All these 
testing conditions were used once every session; the order was randomised. Subjects 
were not aware of the change from adaptation phase to test phase and were not aware 
of which eye was tested. 
Results 
The MAE results for the no-fixation condition are shown in table 4.1. The direction of 
the MAE from the left eye is counterclockwise and the direction of the MAE of the 
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Table 4.1 Mean MAE responses in s for all subjects and all test phases for the 1 min 
adaptation phases during the no-fixation condition. 
right eye is clockwise. When both eyes are tested simultaneously there is no 
direction-specific response. These results are in concordance with the results of Van 
Kruysbergen & De Weert (1993). 
When the stimulus changes from the adaptation phase to the test phase the visual 
system can produce two solutions to this new stimulus. The first solution is to 
superimpose the MAE on the non-direction specific test stimulus, thus resulting in a 
MAE response. The second solution is to choose for the 'visual momentum' 
(Ramachandran & Anstis, 1983), the motion equivalent of the Gestalt 'good 
continuation': if the subject saw the adaptation stimulus moving clockwise or 
counterclockwise there is no reason why he should not continue seeing that motion in 
the non-direction specific test stimulus. Van Kruysbergen & De Weert however showed 
that this explanation can not be the only explanation for the results of the experiment: 
the central monocular systems generate their own higher order MAE's, which cancel 
the more peripheral, lower order MAE's. 
The eye movements were analysed in the following way: when an upward smooth 
eye movement was registered and the gaze location was on the left side of the stimulus, 
then this was interpreted as a clockwise eye movement, and analogously, if the gaze 
location during an upward smooth movement was in the right side of the stimulus, this 
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was noted as a counterclockwise eye movement When the eye showed downward 
smooth eye movement and the gaze location was on the left side of the stimulus then 
this was interpreted as a counterclockwise eye movement, and when the gaze location 
was on the right side of the stimulus during a downward smooth eye movement this 
was called a clockwise eye movement When the smooth eye movement was leftward 
and the gaze location was on the upper part of the stimulus then this was interpreted as 
a counterclockwise eye movement, and analogously when the smooth eye movement 
was nghtward and the gaze location was on the upper part of the stimulus then it was 
noted as a clockwise eye movement When the smooth eye movement was nghtward 
and the gaze location was on the upper part of the stimulus, then this was interpreted as 
clockwise eye movement, and when the gaze location was on the lower part of the 
stimulus during a nghtward eye movement, then this was called a counterclockwise eye 
movement When the eye movement was for instance upward and nghtward, but on the 
nght upper part of the stimulus, then this could not be interpreted properly 
The smooth eye movements of the subjects were correlated with their motion 
responses, and the results of the adaptation phase can be seen in table 4 2, which shows 
the results in the no-fixation condition, for all subjects and all sessions For each 
response category (clockwise motion, counterclockwise motion and no motion) the 
duration of smooth eye movements in the direction corresponding to the response 
direction is given, as well as the duration of smooth eye movement in the opposite 
direction Also the duration of non-interpretable eye movement is given This is done 
for the left eye and nght eye separately 
The left eye moved clockwise (the adaptation rotation direction for the left eye) 
for 22 2 s of the 60 s of the adaptation phase and counterclockwise (opposite to the 
adaptation rotation direction for the left eye) for 21 3 s The nght eye moved 
counterclockwise (the adaptation rotation direction for the right eye) for 20 4 s of the 
60 s of the adaptation phase and clockwise (opposite to the adaptation rotation direction 
for the right eye) for 23 5 s Dunng the clockwise response the left eye moved 
clockwise for 15 3/20 5=74 6% and counterclockwise for 2 1/20 5=10 2% The left eye 
moved counterclockwise for 15 1/19 3=78 2% of the time a counterclockwise response 
was given, and 1 7/19 3=8 8% of the time clockwise when a counterclockwise response 
was given Dunng the clockwise response the nght eye moved clockwise for 
15 8/20 5=77 7% and counterclockwise for 15/20 5=7 3% The right eye moved 
counterclockwise for 13 3/19 3=68 8% of the time a counterclockwise response was 
given, and 3 2/19 3=16 6% of the time clockwise when a counterclockwise response 
was given This indicates that there is a relation between the response given and the eye 
movements when clockwise motion is reported, the eye movements are also mostly 
clockwise (74 6% for the left eye and 77 7% for the right eye), and when 
counterclockwise motion is reported the eye movements are mostly counterclockwise 
(78 2% for the left eye and 68 8% for the nght eye) There is no specific relation 
concerning the onsets of the response and the eye movements clockwise eye 
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Table 4.2 Mean eye movement times and motion response times in s for all subjects 
and all 1 min adaptation phases during the no-fixation condition. Results are given for 
each eye separately. 
movements can occur before a clockwise response is given, but it also happens that a 
clockwise response is given before the eye movements are clockwise. 
The same analysis can be done for the test phase, and the results are shown in 
table 4.3.The amount of time during which the eye movements have the same direction 
as the motion response is 70.1 percent for clockwise motion and 71.3 percent for 
counterclockwise motion when the left eye is tested, and these percentages are 59.8 and 
72.3 respectively when the rigth eye is tested. These percentages are high, indicating 
that there is a relation between the perceived motion in the test phase (which is the 
MAE) and the eye movements. Further analysis of the eye movements data revealed 
that the eye movements usually started after the motion response according to the 
expected MAE was given. On the other hand the eye movements usually occurred 
before a motion response was given when the motion response was in the opposite 
direction. 
The results for the binocular testing condition are not given: in that condition 
there is no MAE: the test phase with the test stimulus shows the same results as the 
adaptation phase concerning the relation between eye movements and motion response. 
























































Table 4.3 Mean eye movement times and motion response times in s for all subjects 
and all test phases of the 1 min adaptation phases during the no-fixation condition. 
Results are given for each eye separately. 
The MAE results for the fixation condition are shown in table 4.4. These results show 
the same pattern as the results for the no-fixation condition. The direction of the MAE 
from the left eye is counterclockwise and the direction of the MAE of the right eye is 
clockwise. When both eyes are tested again there is no direction-specific response. 
Table 4.5 shows the mean results of the adaptation phase of the fixation 
condition, for all subjects and all sessions. In this condition there were less eye 
movements as in the no-fixation condition. The amount of time during which the eye 
movements were in the same direction as the motion response is low: 24.6% 
(clockwise) and 29.4% (counterclockwise) for the left eye, and 27.8% (clockwise) and 
26.0% (counterclockwise) for the right eye. These percentages are equal to the 
percentages of the amount of time during which the eye movements are in opposite 
direction as the motion response, 31.3% and 24.8% for the left eye and 20.6% and 
35.4% for the right eye. 
Table 4.6 shows the mean results of the test phase. Like in the previous table for 
the adaptation phase there is no relation between the direction of eye movements and 
motion response: 24.0% (clockwise) and 27.6% (counterclockwise) for the left eye and 
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Table 4.4 Mean MAE responses in s for all subjects and all test phases for the 1 min 
adaptation phases during the fixation condition. 
27.6% (clockwise) and 16.7% (counterclockwise) for the right eye. When the direction 
of eye movements is in the opposite direction as the motion response then these 
percentages are 27.8% and 31.0% for the left eye, and 18.4% and 28.6% for the right 
eye. 
Conclusions and discussion 
The motion aftereffects results of this experiment are similar to the ones found by Van 
Kruysbergen & De Weert (1993): an apparently small MAE when only one eye is 
tested, which is caused by the cancelling of the lower order MAE by the higher order 
MAE, and no aftereffect when testing was done binocularly. The results for the fixation 
and the no-fixation condition were the same, indicating that neither eye movements nor 
retinal image movement are the determining factor to generate a MAE. 
The direction of the eye movements and the motion response in the adaptation 
phase are related in the no-fixation condition. The onset of an eye movement is 
sometimes before the motion response is given and sometimes after the motion 
response has been given. The direction of eye movements and the motion response are 
clearly not related in the fixation condition. 
























































Table 4.5 Mean eye movement times and motion response times in s for all subjects 
and all 1 min adaptation phases during the fixation condition. Results are given for 
each eye separately. 
During the test phase in the no-fixation condition the same relation between the 
direction eye movements and motion response occurs. In this case the onset of the eye 
movements are prior to the motion response when a motion opposite to the expected 
MAE is seen, and the onset of eye movements is after the motion response when the 
response is according to the expected MAE. In the fixation condition these effects do 
not occur: eye movements do not occur that often, and if they do occur then there is no 
relation between the direction of these eye movements and the motion response. 
From this experiment it is once again clear that eye movements do not play a 
necessary role in the generation of motion aftereffects. There is no difference in the 
MAE results between the fixation condition and the no-fixation condition. This also 
means that retinal image movement is not the main factor for the occurrence of MAE's. 
When the eyes do not have to fixate in the middle there is a relation between the eye 
movements and the perceived direction of motion. This is not a causal relation: the 
direction of eye movements does not predict the direction of the perceived motion and 
the perceived direction does not predict the direction of eye movements. It seems as if 
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Table 4.6 Mean eye movement times and motion response times in s for all subjects 
and all test phases of the 1 min adaptation phases during the fixation condition. Results 
are given for each eye separately. 
they are independent. 
The same relation between eye movements and perceived direction of motion 
holds for the MAEs. When the perceived direction is in accordance with the predicted 
direction of MAE the motion response is prior to the eye movements, as if the motion 
response evokes the eye movements. When the perceived direction of motion in the test 
phase is of opposite sign as expected on behalf of the MAE then the eye movements 
are prior to the motion response, as if the eye movements evoke the motion response. 
This is in concordance with what we stated in the introduction: on the one hand eye 
movements can be responsible for the detection of motion, and on the other hand they 
can sustain the perception of that motion. 
The relation between eye movements and perceived motion in the adaptation 
phase seems of no value: even without eye movements the same perceived motion 
occurs. The eye movements in the adaptation phase can not therefore predict the 
direction of perceived motion in the test phase. Even the perceived motion in the 
adaptation phase does not predict the perceived motion in the test phase. 
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Duration and decay of motion aftereffects in the monocular and binocular 
systems. 
Adaptation to a motion leads to a motion aftereffect (MAE). When the adaptation 
duration is longer the MAE will be longer, but not unlimited: there is a maximum 
adaptability. Once the motion has stopped the MAE will appear and it will fade away 
in time. According to Hershenson (1988) the decay of the MAE can be subdivided into 
three phases: an initial phase in which the MAE is at its maximum, a decay phase in 
which the MAE gets weaker, and a tail in which there is still some MAE left. In this 
paper we examine the duration and decay of the MAE for the monocular systems and 
the binocular system, which can, according to Van Kruysbergen & De Weert (1993) be 
subdivided into a simple, OR-type, binocular system and a pure, AND-type, binocular 
system. There appear to be differences in duration and decay for these systems. The 
monocular systems show the least decay, whereas the pure binocular system decays 
rapidly. The simple binocular system does not seem to generate a MAE very well. 
Introduction 
After prolonged viewing (adaptation) of a moving target this target appears to move in 
the opposite direction when it is stopped. This is called a motion aftereffect (MAE) (see 
Anstis (1984) for an overview of aftereffects). It seems reasonable to assume that the 
MAE will be stronger when the adaptation phase is longer and that a stronger MAE is a 
MAE that can be perceived for a longer time. 
Aftereffects can be explained by visual channels that are fatigued. When one is 
adapted to a downward moving stimulus the motion detectors that are tuned for that 
motion are fatigued, and will fire less then normal when the motion is stopped. In this 
way the activity of motion detectors sensitive to upward motion is larger then the 
activity of the fatigued motion detectors sensitive to downward motion, resulting in a 
perceived upward motion (aftereffect). Toppino & Long (1987) have shown that this 
explanation holds for different types of aftereffects. 
A constraint of this explanation of MAEs is that there is a maximum in 
adaptability. When the motion detectors are fatigued to a maximum there is no need for 
further adaptation. Bonnet (1973) found that the duration of the aftereffect increased 
with longer adaptation to a rotary spiral, but the aftereffect duration reached a plateau 
of 13 s after 25-30 s of adaptation. Longer adaptation durations did not lead to longer 
aftereffects. The results of Lehmkuhle & Fox (1975) showed that the duration of a 
MAE of a vertical moving grating increased as a linear function of adaptation duration 
up to 60 s. Taylor (1963), using a rotating disc, found that there is a square root 
relation between the adaptation duration and the time constant, which is the time it 
takes the MAE to drop to Me of its initial strength. 
Hershenson (1988) introduced a three-stage model of the MAE (see figure 5.1). 
He used a method of magnitude estimation to qualify the strength of the MAE. The 
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maximum strength was represented as '10' whereas Ί ' represented the minimum, still 
noticable strength 
The initial phase is the phase m which the rated strength of the MAE is at its 
maximum The decay phase is the phase in which the rated strength of the MAE decays 
from the maximum value (10) to the minimum value (1) The tail is the phase m which 
the MAE is minimal, but still present The duration of the MAE is defined as the last 
time the strength of the MAE is rated as 1 Hershenson (1989) states that the total 
duration of the MAE is related to the adaptation duration as 
DL = к * Л 
in which D L
 1 S t n e
 duration of the linear MAE and I is the inspection duration For 
inspection durations shorter than 180 s χ is about 1/3, and for inspection durations 
longer than 180 s χ is about 1/2 There appear to be individual differences concerning 
the duration of the decay рЬаье, the time constant, and the duration of the tail, but there 
are no differences concerning the overall duration of the MAE 
The initial MAE strength, the rating right after the motion was stopped, was 10 
In this way there is no information about the absolute strength of the MAE, and no 
relation between the inspection duration and the (initial) strength of the MAE can be 
established This is a general problem with the measurements of MAEs it is not easy to 
obtain information about the strength and the duration at the same time In the 
Hershenson experiments the rated strength of the MAE was related to the initial 
strength In MAE experiments where a nulling technique is being used the subjects 
adjust the speed of the test stimulus (usually the stopped motion stimulus) in such a 
way that it is perceived as stationary This gives information about the strength of the 
MAE, but the problem with this technique is that it takes time to adjust the test 
stimulus, and the MAE changes over time 
In order to obtain objective information about the strength and the duration of the 
MAE at the same time, it is necessary to obtain a strength measure of the MAE at 
specific times after the subject is adapted to the motion This strength measure has to 
be an absolute measure, and not a relative one, in order to study the relation between 
strength and duration of the MAE 
Another problem that arises with the Hershenson experiments is that subjects 
viewed the stimulus monocularly We have proposed a model for the perception of 
apparent motion, consisting of monocular systems, a simple, OR- type, binocular 
system, that responds as soon as input from one of the eyes is available, and a pure, 
AND-type, binocular system, that only responds when there is (fusible) information 
from both eyes (Van Kruysbergen & De Weert, 1993) ) In the Hershenson experiments 
subjects view the adaptation stimulus with their right eye, resulting m aftereffects as 
given in figure 5 1 These aftereffects do contain contributions from the right 
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Figure 5.1 The Hershenson (1988) three-stage model of the decay of a motion 
aftereffect. 
monocular system and the simple, OR-type, binocular system. These subsystems are 
able to generate their own MAEs, and the resulting MAE is the combination of these 
separate MAEs. 
The aim of this paper was threefold: the first aim was to find out whether it is 
possible to obtain objective strength information and duration information of a MAE at 
the same time. The second aim of this paper was to see if the Hershenson three-stage 
model of the MAE duration is still valid when this technique is used. The third aim of 
this paper was to derive the amount of decay of the MAE of the individual subsystems 
as we defined them in earlier reported work (Van Kruysbergen & De Weert (1993) and 
Van Kruysbergen & De Weert (1994). 
Experiment 1 
The aim of the first experiment was to develop a method to obtain an objective 
response for the strength of a MAE without the disadvantages of the methods 
mentioned earlier. It has to be possible to obtain a response for the absolute strength of 
the MAE in such a way that the strength is not changed during the response simply due 
to the fact that it takes time to give that response. 
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adaptation phase Al 
adaptation phase A2 
test phase 
Figure 5.2 The motion sequence presented to the subjects drawn schematically. 
Adaptation phase Al (60 s) with RT motion is followed by adaptation phase A2 of 
variable time length with LT motion. After A2 the motion is stopped and subjects can 
indicate the perceived direction of the motion aftereffect by rotating the black line. 
General method 
Stimulus 
The stimulus was a random pixel array (RPA) of randomly placed white pixels. The 
stimulus has been described in detail in Fredericksen, Verstraten & van de Grind 
(1993). For this experiment a circular aperture with a diameter of 14 cm (2 deg of arc) 
was placed in front of the CRT display. Each pixel subtended an angle of 0.94 min arc. 
The mean luminance of the CRT display was 50 cd пг2. 
Apparatus 
The stimuli were generated using custom image generation hardware, driven by a 
Macintosh Ilfx computer. The monitor (ElectroHome model EVM 1200) had a P4 
phosphor and a display of 90 Hz. 
Subjects 
Two subjects (the authors, NK and FV) participated in all the experiments reported 
here. Both are male and are experienced observers. Both subjects have corrected to 
normal vision. 
Procedure 
Subjects viewed the stimulus fixating at a small fixation dot placed in the centre of the 
CRT display. The experiments were performed in a darkened room with a background 
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Figure 53 The results of experiment 1. The perceived direction of the motion 
aftereffect as a function of the duration of adaptation phase A2. A response of +45 
degrees indicates a MAE solely based on the motion presented during Al; a response of 
-45 degrees indicates a MAE solely based on the motion presented during A2. 
phase (Al), in which a RPA moved to the top right (TR) position for 60 s with a speed 
of 2 degrees s-1. These 60 s of adaptation was followed by a second pattern moving 
toward the top left (TL) position. The presentation time of this pattern (Λ2) was varied 
(5, 10, 15, 20, 25 or 30 s). Immediately after the motion was stopped a black line of 1 
pixel width appeared on the display. The orientation of the line could be adjusted in 
steps of 1 or 10 degrees. This is schematically drawn in figure 5.2. We did not use an 
A2 of 0 s, because a pilot experiment revealed that this always led to a MAE opposite 
to the motion direction of Al. 
The task of the subject was to adjust the orientation of the line such that it was 
parallel to the perceived direction of the MAE. The orientation of the line was 
automatically registered by the computer. Photographic shutters were used to determine 
which eye(s) was presented with the adapting motion. These shutters were controlled 
by the experimenter. 
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Figure 5.4 The MAE of adaptation phase Al (Ml) and the MAE of adapation phase A2 
(M2) result in the MAE of which the direction of motion is resported (a) by the 
subjects. 
Condition 
In this experiment the stimulus was viewed monocularly. If the first adaptation phase is 
kept constant, then the response will vary with the duration of the second adaptation 
phase. If the second adaptation phase (A2) is very short the MAE will be in the 
opposite direction of the motion presented in the first adaptation phase (AI), i.e. from 
the top right to the bottom left. If A2 is longer, then the MAE of A1 has started to 
decay, and when the stimulus is stopped the total MAE will be somewhere between the 
MAE of Al by itself and the MAE of A2 by itself. In this way we can obtain 
information about the resulting MAE, which is a combination of the decaying MAE of 
Al and the maximum strength of the MAE of A2. When the duration of A2 is varied 
the resulting MAE reflects the decay of the MAE of Al. 
Results and discussion 
The results are given in figure 5.3. The figure contains the directions of the MAE as a 
function of the duration of A2. A reported orientation of +45 degrees indicated a MAE 
from the top right to the bottom left (MAE based on the adaptation motion of Al), 
whereas an angle of -45 degrees indicated a MAE from top left to bottom right (MAE 
based on adaptation motion A2). An angle of 0 degrees means a downward MAE, 
which is the resulting MAE of the MAE of A1 and the MAE of A2. Both subjects show 
a decrease in the MAE based on the motion perceived during Al, resulting in a MAE 
that looks more like the MAE solely based on the motion perceived during A2 when 
the duration of A2 gets longer. 
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Figure 5.5 The results of experiment 1. The tangens of the reported direction of motion 
aftereffect plotted against the duration of adaptation phase A2. 
Already after 5 s of A2 the MAE drops to almost 0 degrees, indicating that the initial 
phase of the MAE, as defined by Hershenson, is only a few seconds long. This is in 
concordance with the findings of the second experiment of Hershenson (1989) and with 
Hershenson (1993), who found that the initial phase is less then a second long for 
adaptation phases of 60 s. Hershenson (1989) found that the MAE for an adaptation 
phase of 60 s lasted for about 20 s, and Hershenson (1993) reported that the MAE 
lasted 25-30 s for the same adaptation phase. In our case the MAEs of the subjects are 
equal at 25-30 s, indicating that the MAE of Al indeed has disappeared and that the 
MAE reported is solely based on the motion perceived during A2. Note that the MAE 
never reaches -45 degrees, this could be a response bias, but it is also possible that the 
MAE does not stop at 25-30 s, but that the tail phase, as defined by Hershenson, starts 
at this point. 
If we describe the MAE of Al, the MAE of A2 and the resulting MAE as vectors, 
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Figure 5.6 The results of experiment 1. The tangens of the reported direction of motion 
aftereffect plottted with a logarithmic axis against the duration of adaptation phase A2. 
The resulting graph can be described by straight lines. 
Al, called Ml, the strength of the MAE of A2 and the reported orientation of the 
resulting MAE, a, in the following way: 
tan(45+fl)=IM/l/IM2l; 
if we assume \M2\ is constant (k) then 
IM7l=k*tan(45+a). 
If we transform the data of figure 5.3 with this formula then we obtain the graph in 
figure 5.5, which shows a decay of the MAE of the motion presented in Al. The graph 
looks like the the three-stage model graph for the MAE as described by Hershenson 
(see figure 5.1). This is confirmed by figure 5.6, in which the same graph is plotted on 
a logarithmic base. The correlation between the duration of A2 and the log of the 
reported strength is 0.918 (p<0.01) for subject NK and 0.916 (p=0.010) for subject FV, 
Duration and decay of motion aftereffects 
confirming the Hershenson results. The advantage of our method is that we do not use 
a subjective (rating) response of the strength of the MAE at a specific point of time, but 
a more objective measure of the MAE strength due to the original adapting motion. 
The results of experiment 1 show that the method used is a good tool to obtain 
the objective response indicating the strength of the MAE at a specific point of time 
after the occurrence of the initial MAE. 
Experiment 2 
The Hershenson experiments were done with only one eye viewing the stimulus. The 
resulting MAE is a combination of the MAE of that specific monocular system and the 
simple, OR type, binocular system. The aim of experiment 2 was to find out what the 
contributions of the individual subsystems mentioned are to the resulting MAE. 
Conditions 
The stimulus did not differ essentially from the stimulus in the first experiment. The 
only difference was the eye to which the information was presented. There were three 
possible conditions, which are shown in figure 5.7. 
During Al of the first condition only the left eye is viewing the RT adapting 
motion. During A2 only the right eye is viewing the LT adapting motion, and when the 
motion was stopped only the left eye is tested for the direction of the MAE. In this 
sequence the left monocular system and the simple binocular system are adapted to the 
RT motion in the Al phase. The right monocular system and the simple binocular 
system are adapted to the LT motion in the A2 phase. When the left eye is tested the 
MAE is a result of the left monocular MAE decay when it is not stimulated and the 
MAE of the simple binocular system, which was adapted to RT motion during Al and 
LT motion during RT. This means that the resulting MAE will be larger than in the first 
experiment, because there the resulting MAE was the combination of one monocular 
system and the simple binocular system, that were both adapted to RT during Al and 
LT during A2. 
The Al and A2 phases of the second condition are similar to the one of the first 
experiment. During both phases the motion information is presented to the same eye. In 
this case the tested eye is the opposite one. Testing the right eye means, according to 
the Van Kruysbergen & De Weert model, measuring the right monocular system and 
the simple binocular system. The right monocular system has not been adapted to any 
motion, and the simple binocular system has been adapted to RT motion during the Al 
phase and to LT motion during the A2 phase. The resulting MAE will therefore reflect 
the MAE of the simple binocular system. 
The third condition is more or less a control condition. In the first experiment we 
assumed that \M2\, the strength of the MAE generated during adaptation phase A2, is 
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condition 1 adaptation phase Al 
adaptation phase A2 
test phase 
condition 2 adaptation phase A1 
adaptation phase A2 
test phase 
condition 3 adaptation phase Al 
adaptation phase A2 
test phase 
Figure 5.7 The three conditions used in experiment 2. A black circle means that that 
eye was not stimulated during that phase. 
constant. The left eye is adapted to RT during Al, and the right eye is adapted to LT 
during A2. When the right eye is tested this will mean that the resulting MAE is a 
combination of the simple binocular system, that has been adapted to RT during Al and 
RT during A2, and the right monocular system, that has only been adapted to LT during 
A2, after which it is immediately tested. The resulting MAE will therefore reflect the 
initial MAE strength of the A2 phase, and the decay of the simple binocular system. 
Results and discussion 
The results of the first condition are given in figure 5.8. It can be seen that the result 
are mostly of a positive sign (tan values larger than 1), indicating a large contribution 
of the Al phase. Apparently there is a difference between the decay of the monocular 
system when it is stimulated and when it is not stimulated. When there is no 
stimulation of the adapted eye, the decay of the MAE is much slower. Figure 5.8 also 
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Figure 5.8 The results of the first condition of experiment 2. Reported directions of 
motion aftereffects are mostly based on the motion presented during adaptation phase 
Al. 
influence from the duration of A2 on the resulting MAE, so there is not much influence 
from the LT motion of A2 presented to the simple binocular system. This can mean that 
the simple binocular system does not generate a MAE very well. If there would have 
been a MAE from the simple binocular system, then the weight of this MAE, according 
to the Van Kruysbergen & De Weert (1993) weights, would be larger than the weight 
of the monocular system, resulting in a MAE that would reflect the decay of the simple 
binocular system. If we assume that this is the case then the simple binocular system 
does not show much of a decay at all. 
The results of the second condition are shown in figure 5.9. For subject NK there 
is hardly any decay at all, and the reported orientation of the MAE is around 0 degrees, 
indicating that the RT motion information during Al and the LT motion information 
during A2 result in a downward MAE. The simple binocular system, which is tested in 
this condition, sums the RT and LT motion to a bit of upward motion, which leads to 
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Figure 5.9 The results of the second condition of experiment 2. There is a large decay 
in the simple, OR-type, binocular system. 
function, which falls off much earlier than in the first experiment. Apparently the MAE 
of the simple binocular system is a short one. 
The results of the third condition are given in figure 5.10. In this case the 
orientation of the resulting MAE is already very negative after 5-10 s, indicating that 
the MAE of the A2 adaptation phase is indeed constant, as assumed in the first 
experiment. This third condition also again shows that the simple binocular system does 
not generate a strong MAE. If the simple binocular system did generate a large MAE 
then the resulting MAE would posses a much slower decay, with a positive initial 
MAE. 
The results of this experiment showed that the simple binocular system does not 
have much influence on the resulting MAE. Although the simple binocular system is of 
greater importance for the actual decision about what is perceived than the monocular 
systems, it does not generate a MAE that lasts very long. It could even be argued that it 
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Figure 5.10 The results of the third condition of experiment 2. The MAE is mostly 
based on the motion perceived during adaptation phase A2. 
The second condition of this experiment also showed that we have to make a 
distinction between the decay of MAEs during further stimulation and decay in the 
absence of stimulation. The results showed that there is not much decay when there is 
no stimulation, whereas a 'normal' decay function can be seen when the visual 
subsystem remains stimulated. 
Experiment 3 
In the previous experiments we have established the decay of the MAE for the 
monocular systems and the simple, OR-type, binocular system. What is left is to 
determine the decay of the pure, AND-type, binocular system. This system is the most 
important one, because its contribution to the perceived motion is, according to Van 
Kruysbergen & De Weert (1993), 7 or 8 times as high as the contribution of the 
monocular systems. 
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Figure 5.11 The three conditions as used in experiment 3. 
Conditions 
In this experiment testing is done binocularly. We used three conditions, which are 
given in figure 5.11. 
During the first condition the right monocular system and the simple binocular 
system are adapted with RT motion during the Al phase, and the left monocular system 
and the simple binocular system are adapted with LT motion during the A2 phase. 
Testing is done binocularly, so all subsystems are activated. The pure binocular system 
was not adapted, and does not play a role in the MAE. The simple binocular system 
loses its MAE very quickly as we have seen in the previous experiment. The resulting 
MAE in this condition will therefore be a combination of the left monocular MAE 
based on Al and the right monocular MAE based on A2. This right monocular MAE 
will be constant, so we expect the resulting MAE to reflect the (left) monocular MAE 
decay function as we have found in the first experiment. This condition functions as a 
control of the results of the previous experiments. 
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Figure 5.12 The results of the first condition of experiment 3. The results resemble the 
results of the first experiment, indicating a monocular MAE decay function. 
The second condition is a totally binocular one. During Al, A2 and the testing phase 
both eyes are viewing the stimulus. This will reflect the MAE decay in the pure 
binocular system. 
The MAE reported with the third condition will reflect the decay in the pure 
binocular system when it is not stimulated. During the Al phase the pure binocular 
system is adapted to RT motion, whereas it is not stimulated during the A2 phase. The 
resulting MAE when tested will reflect the decay of the MAE in the pure binocular 
system, with perhaps an influence from the normal (left) monocular decay function. 
Results and discussion 
The results of the first condition are given in figure 5.12. All systems are tested in this 
condition. This means that the reported MAE is the sum of the decay of the MAE of 
the left monocular system adapted to RT and the MAE of the right monocular system 
adapted to RT, leading to a decay function similar to the one as in experiment 1, in 
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Figure 5.13 The results of the second condition of experiment 3. These results illustrate 
the MAE decay of the pure, AND-type, binocular system. 
which the reported MAE was the sum of one monocular system adapted to RT and LT. 
Figure 5.12 indeed looks similar to figure 5.5, thus also confirming the results of 
experiment 2. The correlations between the log of the tangens of the reported direction 
of MAE and the duration of adaptation phase A2 is 0.862 (p<0.03) for subject NK and 
0.970 (p<0.001) for subject FV. 
The results of the second condition are given in figure 5.13. It reveals that the 
pure binocular system has a fast decay (5-10 s). After this phase the slower MAE decay 
of the monocular system can be seen, or, to be more precise, the MAE decay of both 
monocular systems. 
The results of the third condition are given in figure 5.14. This figure shows that 
there are large MAEs for both subjects immediately after the adaptation phase Al, but 
they decrease with longer durations of A2. When figure 5.14 is compared with figure 
5.13 it can be seen that the time at which the decay of the MAE of the pure binocular 
system starts is shorter for the second condition, in which the pure binocular system 
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Figure 5.14 The results of the third condition of experiment 3. The decay of the pure, 
AND-type, binocular system is delayed because it is not activated during A2. 
was stimulated in the A2 phase. In the third condition the pure binocular system was 
not stimulated during the A2 phase, resulting in a smaller decay. This is in concordance 
with the results of the first condition of experiment 2, in which we found that the decay 
of the MAE of the adapted monocular system was slower when that monocular system 
was not stimulated during the A2 phase. Note that it is impossible to find this result for 
the simple binocular system, because it is always activated as soon as one of the eyes is 
stimulated. 
Verstraten, Frederiksen, Griisser & van de Grind (1994) found that the MAE of 
adaptation phase Al lasted longer when there was orthogonal stimulation during 
adaptation phase A2 then would be expected on behalf of the normal duration of the 
MAE of adaptation phase Al, when tested in isolation. Apparently there is some sort of 
storage of the MAE of the motion during Al when there is stimulation during A2. Their 
experiment was done with both eyes open all the time. In the third condition of our 
experiment 3 one eye did not receive motion information during the second adaptation 
phase, so the pure binocular system was not activated. This was the cause for the 
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reported MAEs in the direction of the original MAE. This result showed that there 
indeed is storage of the MAE, in this case in the pure binocular system, thus 
confirming the results of Verstraten et al. 
General discussion 
The results of experiment 1 reflected the decay of the MAE of a monocular system. 
According to Hershenson (1988) the MAE can be subdivided into three stages, as 
shown in figure 5.1. Our results confirm this decay function. 
The results of experiment 2 showed that this three-stage model only holds for the 
monocular system. The simple, OR-type, binocular system does not generate much of a 
MAE, or looses its MAE very rapidly. This could even lead to the conclusion that a 
simple binocular system does not exist at all. However, from e.g. Anstis & Moulden 
(1970), Moulden (1980), Van Kruysbergen & De Weert (1993) and Van Kruysbergen 
& De Weert (1994) we know that such a system does exist. Apparently the role of the 
simple binocular system is a more intermediate one: it functions as some sort of a 
switch panel for the monocular systems, in which the information of the two separate 
eyes is combined and passed on to higher levels of the visual system. 
The results of experiment 3 showed that the three-stage model also does not hold 
for the pure binocular system. However, there is no doubt about the existence of the 
pure binocular system. It generates a MAE, but looses it rapidly. Apparently the pure 
binocular system is not able to contain a MAE as long as the monocular systems, 
although the weight of the motion (aftereffect) information coming from the pure 
binocular system is much higher than the weight of the monocular systems. 
All experiments show that the method used is a good tool for obtaining objective 
responses about the strength of the MAE at a specific point of time. 
- 9 8 -
Duration and decay of motion aftereffects 
References 
Anstis, S. (1984) Aftereffects of form, motion and color. In L. Spillman and B.R. 
Woods (Eds.), Sensory Experience, Adaptation and Perception. Hillsdale, NJ: 
Erlbaum. 
Anstis, S. and Moulden, B. (1970) Aftereffect of seen movement: evidence for 
peripheral and central components. Quarterly Journal of Experimental Psycho­
logy, 22, 222-229. 
Bonnet, С (1973) Facteurs temporels dans le mouvement consécutif visuel. Vision 
Research, 13, 1311-1317. 
Frederiksen, R.E., Verstraten, F.A.J, and Grind, W.A. van de (1993) Spatio-temporal 
characteristics of human motion perception. Vision Reseach, 33, 1193-1205. 
Hershenson, M. (1988) Inspection duration and the linear motion aftereffect: 
preliminary report. Bulletin of the Psychonomie Society, 26(3), 221-224. 
Hershenson, M. (1989) Duration, time constant and decay of the linear motion 
aftereffect as a function of inspection duration. Perception and Psychophysics, 
45(3), 251-257. 
Hershenson, M. (1993) Linear and rotation motion aftereffects as a function of 
inspection duration. Vision Research, 33(14), 1913-1919. 
Kruysbergen, N.A.W.H. van and Weert, Ch.M.M. de (1993) Apparent motion 
perception: the contribution of the binocular and monocular systems. An 
improved test based on motion aftereffects. Perception, 22, 771-784. 
Kruysbergen, N.A.W.H. van and Weert, Ch.M.M. de (1994) Aftereffects of apparent 
motion: the existence of a purely binocular system in human vision. Perception, 
23, 1069-1083. 
Lehmkuhle, S.W. and Fox, R. (1975) Effect of binocular rivalry suppression on the 
motion aftereffect. Vision Research, 15, 885-859. 
Moulden, B.P. (1980) Aftereffects and the integration of patterns of neural activity with 
a channel. Philosophical Transactions of the Royal Society of London, Series B, 
290, 39-55. 
Toppino, T.C. and Long, G.M. (1987) Selective adaptation with reversible figures: 
don't change that channel. Perception and Psychophysics, 42(1), 37-48. 
Taylor. M.M. (1963) Tracking the decay of the aftereffect of seen rotary movement. 
Perceptual and Motor Skills, 16, 119-129. 
Verstraten, F.A.J., Frederiksen, R.E., Griisser, O.-J. and Grind, W.A. van de (1994) 
Recovery from motion adaptation is delayed by succesively presented orthogonal 
motion. Vision Research, 34(9), 1149-1155. 




Estimating the influence of individual 
differences of dominance factors in the 
human visual system on the perception 
of apparent motion 
Chapter 6 
- 102-
Estimating the influence of individual differences of dominance factors in the 
human visual system on the perception of apparent motion. 
In the processing of binocularly or dichoptically presented apparent motion several 
factors in the visual system can play a role: eye dominance, crossed pathway 
dominance, or cerebral hemisphere dominance. In this paper a method is described that 
enables one to estimate the strengths of the eye dominance, crossed pathway 
dominance, and cerebral hemisphere dominance. It appears that there are large 
individual differences for eye dominance, smaller individual differences for crossed 
pathway dominance, and very small individual differences for cerebral hemisphere 
dominance. In experiments that use different stimuli for both eyes or hemifields, like 
for instance in binocular rivalry, these factors have to be accounted for. This can be 
done by choosing the right conditions, which will correct for these factors. In that case 
the main effects will be influenced in a negative way, because of the induced noise by 
the factors mentioned. This can also be done by correcting the data for the factors 
mentioned, in which case the strengths of the dominances have to be known. The 
method described offers a quick three-minute tool to estimate these strengths. 
Introduction 
Stimuli in apparent motion experiments can be manipulated in such a way that for 
instance each eye is stimulated with a clockwise motion, whereas the information in the 
two eyes together leads to a counterclockwise motion (Anstis and Moulden, 1970). 
Adaptation to such a stimulus can lead to motion aftereffects (MAEs) that can be 
different when one eye or both eyes are tested. Anstis and Duncan (1983) presented a 
clockwise motion to the left eye for 5 s, followed by the same clockwise motion to the 
right eye for 5 s, on its tum followed by a counterclockwise motion to both eyes for 5 
s. This sequence was repeated for 5 minutes, and the MAEs with one eye looking at a 
stationary test pattern were different from the MAE with both eyes opened. 
When one eye is stimulated with a clockwise motion and the other eye is 
stimulated with a counterclockwise motion, the perceived motion is not stable (Anstis 
and Moulden (1970), Van Kraysbergen and De Weert (1993)). Some subjects see it 
moving clockwise for a few seconds, then a counterclockwise motion for a few 
seconds, and so on. Other subjects never report unambiguous motion at all, they just 
see jittering dots. Various kinds of binocular rivalry can occur with this type of stimuli. 
All of these experiments can be influenced by individual differences in the visual 
system. Not only do we have two eyes, but it is also evident that the signals of the two 
halves of each eye are sent to different cerebral hemispheres. There are three possible 
stages where the strength of the (motion) signals can be changed. Each of these factors 
or stages, influences the strength of the motion signal, or, more precisely, the relative 
contribution of different parts of the visual system to the final percept. 
Eye dominance is the first factor that might influence the strength of the motion 
signals. The concept of eye dominance is not a simple or even a single one. Coren and 
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Kaplan (1973) showed thai there are three different types of eye dominance: sighting 
dominance, sensory dominance and acuity dominance. Sighting dominance refers to the 
eye used preferably to look through a microscope, sensory dominance describes which 
eye determines the response in a binocular rivalry stimulus situation and acuity 
dominance points to the eye with the highest acuity. Porac and Coren (1976) showed 
that these and other definitions of eye dominance lead to different results from different 
dominance tests. All the different types of eye dominance do have one thing in 
common: they all concern the eye as a whole. If one eye is stimulated with clockwise 
motion and the other eye with counterclockwise motion the perceived motion will be 
influenced by eye dominance. There will be more reports of motion that is presented to 
the dominant eye than reports of motion that is presented to the nondominant eye. 
The second factor that might influence the strength of motion signals in the visual 
system is cerebral hemisphere or hemifield dominance. Given the hemifield decussation 
one would expect that a concept like cerebral hemisphere dominance would be more 
easily understood than eye dominance. To the contrary this phenomenon is hardly dealt 
with in the literature. Dumford and Kimura (1971) showed that letter recognition is 
better when the letters are presented in the right visual field, which is taken to mean 
that they are processed by the left cerebral hemisphere. This cerebral hemisphere is 
specialized in processing linguistic material. Visuospatial location is more accurate in 
the left visual field. Beaton and Blakemore (1981) showed that there is no hemifield 
difference for orientation selectivity. Smith and Hammond (1986) found individual 
differences for perceived velocity of drifting gratings for the cerebral hemispheres, but 
the directions of these differences varied. Smith and Hammond also found that there 
are no hemifield differences in susceptibility to adaptation to moving gratings. Rebai et 
al (1986) showed that the right cerebral hemisphere is most sensitive to low temporal 
frequencies (4-6 Hz), whereas the left cerebral hemisphere is most sensitive to higher 
temporal frequencies (8-18 Hz). Another difference between the left and right cerebral 
hemisphere is indicated by Bertoloni et al (1978): the right cerebral hemisphere is faster 
than the left cerebral hemisphere at making a discriminative reaction time to different 
velocities. Casco and Spinelli (1988) found a difference for group movement responses 
in the hemifields: right-handed subjects showed a left hemifield (right cerebral 
hemisphere) advantage and left-handed subjects showed a right hemifield (left cerebral 
hemisphere) advantage. 
The literature on hemifield dominance or cerebral hemisphere dominance does 
not clearly indicate what the overall pattern of this type of dominance is. There seems 
to be some evolutionary evidence that the right cerebral hemisphere predominates in 
spatial tasks (Bertoloni et al). Durnford and Kimura found that there is less binocular 
rivalry in the left visual field than in the right visual field. One could argue that this 
will mean that there is also less ambiguity in the left visual field than in the right visual 
field. If the left eye is stimulated with clockwise motion and the right eye is stimulated 
with counterclockwise motion then the direction of perceived motion will hardly be 
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influenced by cerebral hemisphere dominance. If there is dominance of the left 
hemifield then one will perceive unambiguous motion for the left side of the stimulus 
more often than for the right side of the stimulus. If the subject is only allowed to react 
if unambiguous motion is perceived for the whole rotating stimulus, then the amount of 
reported unambiguous motion will not be more than would be the case if there was no 
hemifield dominance. With the rotating stimulus as described, the influence of 
hemifield dominance cannot be measured, but with stimuli that contain different 
information for the hemifields this factor can play a role. 
The third factor that might influence the strength of the signals is crossed optic 
pathway dominance. When Hayashi and Bryden (1967) studied the relation between 
sight and acuity dominance they found that there is a relative superiority of the crossed 
optic pathways, which leads to an advantage of the left visual field of the left eye and 
the right visual field of the right eye over the right visual field of the left eye and the 
left visual field of the right eye respectively. Blake and Mills (1979) did not find 
differences between the nasal and temporal retinae of each eye separately for the 
contrast threshold for the detection of flicker and the detection of pattern. There can be 
individual differences, but they do not lead to an asymmetrical distribution. 
If the left eye is stimulated with clockwise motion and the right eye with 
counterclockwise motion then the perceived motion will be influenced by crossed optic 
pathway dominance in the following way: the motion presented to the left hemifield of 
the left eye (upward motion) and the motion presented to the right hemifield of the 
right eye (also upward motion) will more often be the result of the rivalry process than 
the motion presented to the right hemifield of the left eye (downward motion) and the 
left hemifield of the right eye (also downward motion), resulting in a perceived motion 
that is not clockwise or counterclockwise, but an upward rotating stimulus for both the 
left (clockwise) and right (counterclockwise) side. Van Kruysbergen and De Weert 
(1993) showed that subjects are not able to give an unambiguous rotation response with 
this type of stimulus for about 30 percent of the time indeed. 
All these factors have some influence on the outcome of the visual processes, but 
their contribution is at different levels in the visual process. The aim of this paper is to 
partial out the effects the different factors mentioned have on the outcome. 
The model we are using is given in figure 6.1, which gives an overview of the 
factors and the influence they have on the signals. The value of the factors ranges from 
0 to 1, where 0.5 means no influence. Figure 6.1 shows that the original, unbiased 
strength of the motion upward in the left hemifield of the left eye (/u0) is modified by a 
large left eye dominance, a large crossed optic pathway dominance and a small left 
cerebral hemisphere dominance, resulting in the perceived strength of motion. 
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Figure 6.1 The model as proposed takes into account three factors that occur within the 
visual system: eye dominance (£), crossed pathway dominance (P), and cerebral 
hemisphere dominance (if). The strength of the motion stimulus (at the bottom) is 
modified by these three factors, and the strength of the resulting motion (at the top) 
determines the direction of motion that will be perceived. 
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Experiment 
The type of stimulus we used for this purpose is described in Van Kruysbergen and De 
Weert (1993), and can be seen in figure 6.2. We used apparent motion as opposed to 
real motion, because apparent motion induces much more ambiguity than real motion 
does, which is useful because that will lead to more accurate estimates of eye 
dominance, crossed pathway dominance and cerebral hemisphere dominance. 
The motion was obtained by presenting the eight pictures of figure 6.2 (a) to (h) 
sequentially and repeatedly. 
The stimulus consisted of two vertical rows of dots for each eye. The dots in the 
left eye stimulus appeared to move upward and the dots in the right eye stimulus 
appeared to move downward. When the left two rows of dots were presented to the left 
eye and the right two rows of dots were presented to the right eye in such a way that 
the fixation dots and bars were fusible, binocular motion rivalry was induced because 
each pair of corresponding retinal hemifields was stimulated with an upward motion as 
well as a downward motion. When subjects were looking at this apparent motion they 
could report a motion response for the left and right side of the stimulus separately and 
simultaneously. The three response-types (upward, downward, no motion) for both 
sides lead to nine possible responses of perceived direction of motion, as shown in 
figure 6.3. 
In this experiment we did not only use the stimulus as shown in figure 6.2, but 
also the opposite one: downward motion for the two rows of dots presented to the left 
eye and upward motion for the two rows of dots presented to the right eye. In the 
following part we will use the stimulus as shown in figure 6.2 to explain what the 
consequences of the different dominance factors are for the subjects response of what is 
actually perceived at the left side and the right side of the stimulus, but a similar 
reasoning could be given for the opposite stimulus. Also note that we did not use a 
stimulus where one hemifield of one eye was stimulated with a downward motion and 
the other hemifield stimulated with upward motion. 
- If there is a large left eye dominance (£), then there will be a preference for 
perceiving upward motion. There will be less binocular rivalry when one eye is 
dominant, because the response will most of the time be based on the dominant eye. If 
there is a large right eye dominance (1-Е), then there will be a preference for 
perceiving downward motion. 
- If there is a large crossed optic pathway dominance (P), then there will be a 
preference for upward motion at the left side of the stimulus and a preference for 
downward motion at the right side of the stimulus, resulting in what we will call a 
clockwise rotation. If there is a large uncrossed optic pathway dominance (1-P), then 
there will be a preference for downward motion at the left side of the stimulus and a 
preference for upward motion at the right side of the stimulus, resulting in what we will 
call a counterclockwise rotation. 
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Figure 6.2 The stimulus as used by Van Kruysbergen and De Weert (1993). The eight 
pictures are shown sequentially from (a) to (h), over and over again, 66.6 ms each. The 
result is two rows of upward moving dots presented to the left eye and two rows of 
downward moving dots presented to the right eye. The white dot in the middle is the 
fixation point. 
- 108-
Individual differences of dominance factors 
(a) (b) (c) 
id) (e) 
Φ 
(g) (h) (i) 
Figure 6.3 The possible perceived directions of motion based on the stimulus in figure 
6.2, named from (a) to (i). 
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- If there is a large left cerebral hemisphere dominance (H), then there will be a 
preference for the right side of the stimulus, resulting in less rivalry for the right side of 
the stimulus as for the left side of the stimulus. This will mean that there will be more 
perceived unambiguous motion for the right side of the stimulus than for the left side of 
the stimulus. If there is a large right cerebral hemisphere dominance (1-Я), then there 
will be a preference for the left side of the stimulus, resulting in more perceived 
unambiguous motion for the left side of the stimulus than for the right side of the 
stimulus. 
Apparatus 
The stimulus was presented on a Sony Trinitron colour monitor controlled by an Atari 
1040 STfm. Each screen was presented for 66.6 ms (screen refresh rate 60 Hz, 4 
vertical blanks). The visual angle of the stimulus was 6 degrees. The colours used were 
black for the background, red for the fixation points and horizontal bars and yellow for 
the moving dots. The experiment was conducted in a darkened room. 
The use of a system of mirrors and a septum made sure that the left-hand 
stimulus was presented to the left eye and the right-hand stimulus to the right eye. 
Procedure 
Subjects had to fixate on the red fixation point in the middle of the stimulus. Subjects 
held a box with buttons in their hands and had to press the upper-left button as long as 
they saw the left side of the stimulus moving upward, the lower-left button as long as 
they saw the left side of the stimulus moving downward or press nothing if they did not 
see unambiguous motion in the left side of the stimulus. They had to do the same for 
the right side of the stimulus with the right buttons, so they had to respond for the left 
and right side of the stimulus simultaneously. The responses were sampled every 
millisecond. The stimulus used was the one as shown in figure 6.2, or one with 
opposite motions. This was randomised. 
Subjects 
Each of 36 subjects participated in one session with only one trial of four min and in 
another session that contained 9 trials of one min with a one min break in between each 
trial. We did this in order to see whether we would get different results from one long 
trial rather than for more shorter ones. 
Results and analysis 
During the time a subject was stimulated with the motion pattern as shown in figure 6.2 
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total 100.0% 100.0% 
Table 6.1 Percentages of the amount of time a response of each category type was 
given for the nine one-min trials and the one four-min trial. 
we registered the total amounts of time for the nine categories mentioned. The results 
for each category for the four minute trial and the one minute trials are given in table 
6.1. The results show that subjects are able to give a response in 86.0% (one-min trials) 
and 81.4% (four-min trial) of the time, which is equal to the 85% as Van Kruysbergen 
and De Weert (1993) found. These results also show that subjects are very able to give 
a combined response: the percentage of single responses (only one responded motion) 
is much smaller than the percentage of simultaneous responses. Note that there is no 
big difference in the responses in which both sides of the stimulus move into the same 
direction (Lf/Äy and ¿рЛд) and the responses for rotating motion (¿u-^ D ar|d ¿D^U)· 
This means that the subjects were able to perceive the two sides of the stimulus 
independently. Downward motion on the left side of the stimulus was perceived for 
46.7% of the time, and upward motion on the left side of the stimulus was perceived 
for 35.3% of the time. For the right side of the stimulus downward motion was 
perceived for 46.0% of the time and upward motion was perceived for 36.0% of the 
time, indicating a slight preference for downward motion. 
From the relative amounts of the total time registered in each of these categories 
we can derive the influence of the factors mentioned in the following way. From figure 
6.1 it follows that 
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lu = lu0*E*P*(l-H) (1a) 
This means that the original, unbiased strength of the upward motion in the nght 
hemifield of the left eye (Zu0) is enhanced by a left eye dominance, a crossed optic 
pathway dominance and a nght cerebral hemisphere dominance Similar logic leads to 
expressions for upward motion in the left hemifield of the left eye (ru), downward 
motion in the left hemifield of the right eye (/d) and downward motion in the nght 
hemifield of the right eye (rd) 
rü = rü0*E*([-P)*H (1b) 
/d = Zd0*(l-E)*(l-P)*O-tf) (1С) 
rd = rd0*(l-E)*P*H (1d) 
Because there are no differences in the unbiased physical stimuli we will assume that 
the unbiased motion strengths /
u0, /d0, ru 0 and rd0 all are equal The terms /u, ru, ld and 
rd can be estimated from the proportion of the stimulus presentation time during which 
these responses were obtained Taking ratios of these terms then eliminates the 
unknown constants IUQ, ru0, Zd0 and rd 0 We illustrate the parameter estimation method 
for E Define the ratio R as (Z
u















H = (4) 
74 
The total time subjects reported a motion of type /
u
 was the sum of the categories (b), 
(f) and (h) The total time they reported motion /d was the sum of (d), (g) and (ι) The 
ratio /U/Zd then equals ((b)+(f)+((h))/((d)+(g)+(()) In a similar way rjr¿ equals 
((c)+(f)+(i))/((e)+(g)+(h)), out of which R and then E can be calculated 
The resulting mean dominance factors are given in table 6 2 The mean strengths 
of the dominances are all close to 0 5, which is expected because there is no indication 
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E 0.4451 (0.2441) 0.4807 (0.1941) 
Ρ 0.4837 (0.1054) 0.4951 (0.1415) 
Η 0.4962 (0.0669) 0.4862 (0.0875) 
Table 6.2 Mean strength of the eye dominance factor (£), the crossed pathway 
dominance factor (P) and the cerebral hemisphere dominance factor (//) for the nine 
one-min trials and the one four-min trials. Between parentheses the standard deviations 
of these means. 
in the literature that there is some kind of general dominance. There appear to be large 
individual differences for eye dominance. Individual differences for crossed optic 
pathway dominance do exist, but they are small. There are only very small differences 
for cerebral hemisphere dominance. The standard deviations of the distributions of eye 
dominances are larger than the standard deviations of the distributions of crossed optic 
pathway dominances and cerebral hemisphere dominances, and the standard deviations 
of the distributions of crossed optic pathway dominances is larger than the standard 
deviations of the distributions of cerebral hemisphere dominances. 
The preference for downward motion leads to more responses based on one eye, 
because one eye is viewing two rows of dots moving downward and the other eye is 
viewing two rows of dots moving upward. This will mean that this preference is 
reflected in a larger eye dominance strength. In the case of the one four-min trial this 
leads to a larger difference between subjects than in the case of the nine one-mintrials, 
because in the latter case nine trials with randomised motion direction are used. If the 
response of a subject is based on the downward motion presented to one eye, then that 
subject will give responses which have their origin in the stimulation of the other eye 
when the motion directions in the stimulus are reversed. Subjects will then show a 
larger variability in their eye dominance strength, resulting in an enhancement of their 
individual standard deviation, but not the individual mean. If the preference for 
downward motion plays a role, then the standard deviation for the nine one-min trials is 
about the same as it would have been if there was no such preference. In the case of the 
one four-min trial a downward preference does have a larger influence, because only 
one type of stimulus is used for each subject, and the standard deviation of the eye 
dominances will be larger than if there would not have been a downward preference. 
However, the results show that the standard deviation of the eye dominances for the 
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nine one-min trials is larger than the standard deviation for the one four-min trial. This 
indicates that the individual differences in eye dominance are in fact even larger as it 
appears. 
For the crossed pathway dominance and the cerebral hemisphere dominance the 
standard deviations for the nine one-min trials are smaller than the standard deviations 
for the one four-min trial, as one would expect, because the standard deviations for the 
nine one-min trial are standard deviations of the means of nine measurements. 
The correlation between the results of the four-min trials and the one-min trials is 
high for the eye dominance strengths: 0.81. The correlation between both cerebral 
hemisphere dominances is 0.07, and the correlation between the two estimates of 
crossed optic pathway dominances is also low, 0.15. This means that one of the 
methods is not as accurate as the other. We calculated the dominance factors out of the 
first three trials of the nine one-min trials and out of the last three trials of the nine 
one-min trials, and compared them with the values of table 6.2. The dominance factors 
that were obtained from only three one-min trials correlated significantly high with the 
overall dominance factors. This means that there is a large intra-trial reliability for the 
one-min trials, and thus that the one four-min trial is not as reliable as the one-min 
trials. The notion that the one four-min is not as accurate as the nine one-min trials is 
also supported by the results mentioned above concerning the standard deviations of the 
mean dominance factors. 
For the nine one-min trials the correlations between eye dominance and crossed 
optic pathway dominance is 0.0464, the correlation between eye dominance and 
cerebral hemisphere dominance is 0.3134 and the correlation between pathway 
dominance and cerebral hemisphere dominance is 0.1035. For the one four-min trial the 
correlations between eye dominance and crossed optic pathway dominance is 0.2453, 
the correlation between eye dominance and cerebral hemisphere dominance is 0.3039 
and the correlation between pathway dominance and cerebral hemisphere dominance is 
0.4413. None of these correlations are significant. 
Conclusions and discussion 
There are large individual differences for eye dominance. This means that in 
experimental settings where both eyes are involved, one has to take care of this factor. 
The relation between eye dominance and binocular rivalry is not a simple one: the 
outcome of the rivalry process can not simply be predicted by the type of motion 
presented to the dominant eye. Wade et al (1984) showed that the course of binocular 
rivalry is the same with dynamic, moving gratings to that found for static gratings. 
When a moving grating is presented to one eye and a stationary grating to the other 
eye, then the moving grating is visible for about 50 percent longer than the static 
grating. This indicates that the model we used can not only be used in apparent motion 
experiment, but does have implications for all types of experiments where binocular 
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rivalry is involved. Also note that in this experiment we are talking about sensory 
dominance. 
There are individual differences for crossed optic pathway dominance, but they 
are small. Our data confirm the results of Blake and Mills (1979), who stated that there 
are individual differences, and who also did not find an asymmetric distribution. 
Experiments with stimuli that induce hemifield ambiguity, however, should take these 
individual differences into account. 
There are only very small individual differences for cerebral hemisphere 
dominance, so one does not have to worry about this factor too much in apparent 
motion experiments. The presumed dominant right cerebral hemisphere as found by 
Bertoloni et al (1978) is not present in our data. Apparently the location for motion 
detection is not as lateral as for instance for the production of language. 
When we perform an experiment with apparent motion as described in the 
introduction, we can adapt subjects to this motion and then test them for motion 
aftereffects. The strength of these motion aftereffects can also be influenced by the 
factors mentioned. From the motion responses in the adaptation phase we can derive 
the strength of the eye dominance, crossed optic pathway dominance, and cerebral 
hemisphere dominance as described in this paper, and then compensate the reported 
motion aftereffects for these dominances. This can be done by multiplying the strength 
of the reported motion aftereffect based on the left eye with the strength of the eye 
dominance of the right eye, i.e. 2*(l-£). Motion aftereffects based on stimuli that were 
presented in the left hemifield have to be multiplied by the strength of the left cerebral 
hemisphere dominance, i.e. 2*H. The total amount of response based on the left 
hemifield of the left eye and the right hemifield of the right eye have to be multiplied 
by the uncrossed optic pathway dominance, i.e. 2*(1-P). In this way the reported 
motion aftereffects, that originally were biased by the eye dominance, crossed optic 
pathway dominance and the cerebral hemisphere dominance, can be corrected to the 
real motion aftereffects, that would have been reported if none of these dominances had 
existed. 
The method described gives a good description of the influence of eye 
dominance, crossed pathway dominance and cerebral hemisphere dominance for each 
individual. The results of the four-min test are not as accurate as the results of the nine 
one-min tests, possibly due to adaptation to the motion stimulus, and an actual test does 
not have to be nine trials long, because three one-min trials already provide good 
estimates. 
The method allows one to obtain three different values of individual factors at the 
same time. The relatively low amount of time needed to conduct such a test is a good 
reason for performing this test whenever an experiment concerning apparent motion has 
to be done in which one of these factors might play a role. It should then possible to 
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In this chapter a method has been developed for post-hoc correction of MAEs for eye 
dominance (£). crossed pathway dominance (P), and cerebral hemisphere dominance 
(Я). In this addendum we describe an experiment in which these dominance factors are 
derived for each subject from data of the adaptation phase, and then these factors are 
used to correct the MAE responses for each subject. 
Experiment 
The same apparatus and stimuli were used as described previously in this chapter. The 
trials were slightly different in this experiment: subjects participated in three sessions. 
The first session contained one trial of four min of adaptation with a test phase of 20 s, 
followed by three one-min adaptation trials, each also followed by a test phase of 20 s. 
The first trial of four min assured that subjects were well-adapted. After the first 
session subjects took a short break. The first trial of the second session consisted of an 
adaptation phase of three min with a 20 s test phase, again to assure adaptation. This 
trial was followed by three trials with an adaptation phase of one min and a test phase 
of 20 s. After another short break subjects performed the last session, which started 
with an adaptation phase of two min, with a 20 s test phase. After this again three trials 
were used of one min length and each a 20 s test phase. During the test phase either the 
left eye or the right eye or both eyes were tested. Note that the subjects were not aware 
of the moment the adaptation phase stopped and the test phase began. They had to 
report the motion any time it was perceived. Four subjects took part in this experiment. 
These subjects had not participated in the main experiment described in the first part of 
this chapter. 
The motion information of the left hemifield of the left eye (LI) is modified by 
the eye dominance factor E, the crossed pathway dominance Ρ and the inverse cerebral 
hemisphere dominance (1-Я). The reported motion strength can be corrected for these 
factors by dividing the strength by E, P, and (1-Я). In the same line of reasoning the 
right hemifield of the left eye (Lr) has to be multiplied by (1-Е), Ρ and (1-Я). The left 
hemifield of the right eye (Rl) has to be multiplied by Ε, Ρ and Hand the right 
hemifield of the right eye (Rr) by E, (\-P) and (1-Я). This can be seen in table 6.1. 
Possible differences in reported motion strength can be caused by the dominance 
factors mentioned. When this is the case then after correction of the reported motion 
strengths the mean of the resulting motion strenghts of the different test conditions will 
be equal to the mean of the original, uncorrected motion strengths, but the standard 
deviation of the corrected motion strengths will be less than the standard deviation of 
the original, uncorrected motion strengths. 
The correction of motion strengths can be applied at two different levels of the 










































Table 6.1 Correcting the original, reported MAEs by the dominance factors. 
of time during which motion was seen. These motion response times can be corrected, 
after which the motion strengths of the separate stimulus conditions can be calculated. 
The second possible correction can be at the level of the motion strengths which are 
derived from the originally reported amount of time during which motion was seen. We 
will refer to the first method as the 'time-correction' method, and to the second one as 
the 'strength-correction' method. 
The strength of the MAE, M M A E , is defined as the difference of the amount of 
time during which a motion was seen in the same direction as the expected MAE and 
the amount of time during which the opposite motion was seen related to the total 
amount of time during which motion was perceived. The motion information presented 
to the left hemifield of the left eye (LI) is disturbed by the dominance factors. The 
original MAE strength of LI can in this case for each subject be described as 
Lld-Llu 
M M A E = ( ! ) 
Lld + Llu 
in which Lld is the amount of time a downward motion response was given for the left 
hemifield and Ll
u
 the amount of time during which an upward motion was seen in the 
right hemifield, when the left eye was tested. According to the time-correction method 
the mean MAE strength for all subjects before correction can be described as 
E(Lld i-Llu i) 
MMAE= (2) 
E(Lldi + Llui) 
The mean MAE strength after time-correction can then be described as 
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E ((Lldl - ишЖ2Е*2Р*2(\-Н,))) 
Л*МАЕ = (3) 
E ((Lldl + иш)/(2£1*2Р,*2(1-Я1))) 
According to the strength-correction method the mean MAE strength before correction 
can be described as 
η LId l-Llm 
M M A E = l / n E (4) 
i=l Lldl + Llul 
The mean MAE strength after strength-correction can then be described as 
η Lldl - LIUI 
M M A E = l / n E 1{2Е*2Р*2{\-Н>,)) 
i=l Lldl + Llul 
These methods do not lead to an identical result. The original MAE strengths will be 
different for both methods, because the time-correction method adds up all the response 
times and then calculates the MAE strength, whereas the strength-correction method 
derives all the individual MAE strengths and then takes the mean of them. There is no 
a priori reason to assume that one of these methods will lead to better result than the 
other, so we will apply them both. 
Results 
For each of the subjects the results of the adaptation phases of the nine one-min trials 
were used to compute the dominance factors Ε, Ρ and H. They are listed in table 6.2. 
One subject showed a large left eye dominance, and one subject a small right eye 
dominance. Two subjects had a large uncrossed pathway dominance, which is opposite 
to the expected crossed pathway dominance. The cerebral hemisphere dominances were 
all around the mean. The standard deviation of the cerebral hemisphere dominance was 
small, as reported earlier in this chapter. The standard deviation for the eye dominance 
was large, but not as large as the standard deviation of the pathway dominance, which 
is due to the two subjects that showed a large uncrossed pathway dominance. 
The MAE results are shown in table 6.3. Of course only the results from the 
monocular conditions (left eye only or right eye only) were used. For each eye and 
each hemifield the motion responses during the test phase are given. The MAE 
strengths according to the two methods described earlier are also given. 
The difference between the responses according to the MAE and the opposite 
responses is highly significant (Fjj48=24.92, p<0.01), indicating that a MAE has been 

























Table 6.2 Individual values of the eye dominance (£), crossed pathway dominance (P) 
and cerebral hemisphere dominance (H) for all subjects. 
the 20 s of the test phase. This is in concordance with the results of the second 
experiment of chapter 2, in which there was 15% 'no motion' response. 
According to the time-correction method the mean M M A E value as reported with 
the left eye tested is (0.425+0.412)/2=0.419. This value is (0.476+O.507)/2=O.492 for 
the right eye test condition. Note that the overall left eye dominance is not reflected in 
these MM A Es: eye dominance does possibly influence the amount of time during which 
a response was given, but that does not automatically influence the difference of the 
motion responses according to the MAE or in opposite direction. The mean AiMAE for 
the crossed pathways (left hemifield of the left eye and right hemifield of the right eye) 
is (0.425+0.507)/2=0.446, whereas the mean M M A E for the uncrossed pathways (right 
hemifield of the left eye and left hemifield of the right eye) is (0.412+0.475)/2=0.444, 
indicating that the mean Λί
ΜΑΕ
 based on the crossed pathways is the same as the mean 
MAE based on the uncrossed pathway. The mean Λ/
ΜΑΕ
 of the left hemifield is 
(0.425+0.475)/2=0.450 and of the right hemifield (0.412+0.507)/2=0.460, also 
indicating no difference. 
According to the strength-correction method the mean Λ/
ΜΑΕ
 for the left eye is 
(0.455+0.418)/2=0.437 and (0.407+0.427)=0.417 for the right eye. The mean MMAE for 
the crossed pathways is (0.455+0.428)/2=0.442 and for the uncrossed pathways 
(0.418+0.407)/2=0.413. The mean Λί
ΜΑΕ
 strengths for the left and right hemifield are 
(0.455+0.407)/2=0.431 and (0.418+0.428)/2=0.423, respectively. These MAE strengths 
do not differ much from each other. 
Table 6.4 shows the results of both correction methods. We expected that the 
MAE strengths after correction show less variation, whereas the mean MAE strength 









































Table 6.3 Mean motion response times in s for all subjects and for each testing 
condition. The motion response as expected is a response indicating a perceived motion 
in the opposite direction as the adapting motion. The MAE strength M M A E is given for 
both correction methods. See text for details. 
The results of this experiment showed that the resulting mean MAE strength for 
the time-correction method is almost similar to the original one, whereas the resulting 
mean M M A E for the strength-correction method is evidently higher. Furthermore, and of 
more importance, the standard deviation of the resulting AfMAEs of the time-correction 
method as well as the strength-correction method are larger than the original standard 
deviation. This indicates that the correction procedure fails. The fact that the difference 
between the original MM A Es strengths and the corrected MM A Es is not significant 
(Fj 48=1.565 for the time-correction method and Fii24=0-588 for the strength-correction 
method) hardly weakens this view. 
These results seem to indicate that the correction as proposed in this chapter for 
dominance factors can not be applied for the perception of motion aftereffects. 
Table 6.4 also shows the MAE strengths after correction by only one dominance 
factor. For the time-correction method correction of the original MAE strengths for eye 
dominance is the only one which leads to a standard deviation that is less than the 
original one. For the strength-correction method correcting for eye dominance leads to 
a larger standard deviation. Cerebral hemisphere dominance does not influence the 
MAE strengths much: for both methods the mean and standard deviation remain the 
same. Crossed pathway dominance does not improve the MAE strength results for the 
time-correction method, whereas the standard deviation of the MAE strengths is very 
large for the strength-correction method. Apparently eye dominance does play a role in 
the generation of MAEs, but we have to explain why this is the case only for the 
time-correction method. 
The proposed model for the perception of apparent motion consists of two 
independent monocular systems and a binocular system, subdivided into an OR-type 


























































































(b) Correction according to the strength-correction method. 
Table 6.4 (a) Correction of the reported test motion (time-correction) and (b) the 
correction of motion aftereffect strength (strength-correction) by the individual 
dominance factors. Results are given uncorrected (as reported), corrected for each 
separate dominance factor, and for the three dominance factors together. 
activated as soon as input from one of the eyes is available. When a clockwise motion 
is presented to the left eye a counterclockwise motion to the right eye the OR-type 
binocular system does not generate a MAE, because these two types of motion cancel 
each other. However, if the signal from one of the eyes is stronger than the signal from 
the other eye, the OR-type binocular system should generate a MAE, because the two 
motions do not longer cancel each other completely. When both eyes are adapted with 
the motion mentioned, then normally the strength of the MAE when the left eye is 
tested can be described as 
L 
MMAE= (5) 
L + S 
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However, when the left eye is the dominant eye, the OR-type binocular system is 
activated during adaptation with a motion of (2£L - 2(l-£)Ä)/2. If we assume that L=R 
(which we have done before succesfully in previous chapters) the resulting motion in 
the OR-type binocular system is 2E-Ì. If £=0.5 this does not lead to the generation of a 
MAE in the OR-type binocular system. In the case of a dominant left eye (£>0.5) this 
expression is positive, resulting in a MAE for the OR-type binocular system, in the 
same direction as the MAE of the left monocular system. The strength of the resulting 
MAE can then be described as 




L + S 
When the left eye is completely dominant (£-1) this leads to a MMAE of 1, the 
maximum MAE. When the right eye is completely dominant (£-0) that will lead to 
L-S 
MMAE= (8) 
L + S 
resulting in a perceived MAE when the left eye is tested that is in the same direction as 
the direction of the adapting motion of the left eye. Eye dominance therefore can play a 
role in this model. If we perform the same analysis as described above with only a 
compensation for eye dominance then the mean and standard deviation of the original 
MAE strengths do not differ from the means and standard deviations of the corrected 
MAE strengths neither for the time-correction method (original mean/sd 0.455/0.044 
and corrected mean/sd 0.438/0.020, £1>48=0.520) nor for the strength-correction method 
(original mean/sd 0.427/0.021 and corrected mean/sd 0.447/0.055, £124=0.026). These 
results do not lead to a conclusion about which correction method is the best one. 
In analogy to equation (7), we can state that the MAE strength of the 
non-dominant tested right eye is equal to 
R-SÇ2E-1) 
MMAE= (9) 
R + S 
If we use MMAE of the left eye and use this in equation (7), and MMAE of the right eye 
and use this in equation (9), we obtain, assuming that L=R, an estimate for £. For the 
time-correction method this leads to £=0.534 and for the strength-correction method 
this leads to £=0.476. Note that the existing left eye dominance is only reflected in the 




The results of this experiment and the mathematical manipulations of the derived 
MAE strength showed that the dominance model as described in this chapter cannot be 
applied to the perception of motion aftereffects. However, we have shown that eye 
dominance does play a role, be it that the results after correction for eye dominance are 
not better than as they were in the beginning. These results indicate that even eye 
dominance does not play a role in this model. Apparently eye dominance affects the 
perceptual process after the integration of the information of the two eyes by the 
OR-type binocular system, indicating that eye dominance is merely a matter of higher 






In this dissertation a number of aspects of motion aftereffects (MAEs) were studied. 
The results of the described experiments do not only tell us more about characteristics 
of the MAEs themselves, but also about how these MAEs can be generated, and which 
part(s) of the visual system can be responsible for the eventual perceived MAE. First of 
all we will summarize these results. 
In the experiment described in chapter 2 we used a dynamic test stimulus, 
constructed in such a way that the subject is not aware of the distinction between an 
adaptation phase and a test phase. During the test phase the MAE that has been 
generated during the adapation phase is superimposed on the directionally-ambiguous 
motion of the test stimulus. This new type of test stimulus allows us to obtain a 
quantitatively more appropriate response about the presence of a MAE, resulting in 
more accurate data about the strength and duration of the MAE. 
The experimental results of chapter 2 showed that motion information can be 
processed by a left and right monocular system, a 'simple', OR-type, binocular system, 
and a 'pure', AND-type, binocular system. In addition to these systems there are central 
monocular systems, which are independent of the more 'peripheral' ones. Each of these 
systems can build up their own MAE, and the actually perceived MAE is a weighted 
sum of all the individual MAEs. With the proper choice of the stimulus one or more 
systems can be activated, and the strength and direction of the resulting MAE can be 
predicted by examining which of the tested systems have generated a MAE during the 
adaptation phase. The ratio of the weights of the tested systems that were also adapted 
and the weights of all the tested systems determines the actually strength and direction 
of the perceived MAE. 
Chapter 3 showed a few examples of how a properly chosen adapting stimulus 
can reveal the MAE generated by the different subsystems. The use of apparent motion 
instead of real motion enables us to do so. The results of the different types of adapting 
motion showed, for those who were sceptical about the existence of an AND-type 
binocular system, that there cannot be any doubt that a system most exist that is only 
activated when both eyes are presented with the same stimulus at the same time, which 
is in accordance with the definition of an AND-type gate. 
The experimental results described so far all were obtained in experiments in 
which a fixation point was used. This made sure that there was retinal motion, and that 
the number of eye movements was as low as possible. The question to be answered 
then is to what extent the obtained MAEs are dependent on this retinal motion or on the 
'lack' of eye movements. The results of the experiments described in chapter 4 showed 
that the MAEs do not depend on eye movements during adaptation. A relation between 
eye movements and the reported direction of perceived motion during the adaption 
phase does exist, though it is not a causal relation. When subjects did not fixate during 
adaptation and testing, the MAE response precedes the corresponding eye movement. 
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When subjects in this condition reported a motion opposite to the expected MAE 
direction, this response was preceded by eye movements in that direction When 
subjects had to fixate, as in the previous experiments, there was no relation between the 
occurrence of eye movements and the motion response, not in the adaptation phase and 
not in the test phase What of course remained was the perceived MAE response, which 
was in concordance with the expected MAE and the reported MAE of the condition in 
which subjects did not have to fixate, and in concordance with previous results 
So far we have been dealing with the building up of the MAE, and how we can 
obtain an accurate measure of its strength and duration In chapter 5 we examined in 
detail the relation between the strength and the duration of the MAE The time-strength 
relation of the MAE can be divided into an initial maximum phase, a decay phase in 
which the MAE decays logarithmically, and a tail during which the MAE burns out 
slowly This envelope describes the perceived MAE, and the envelopes of the 
time-strength plot of each subsystem within the visual system do not necessarily show 
this overall behavior The results of the experiment in this chapter showed that the 
monocular systems exhibit the least decay, whereas the AND-type binocular system 
decays rapidly From the results it seems as if the OR-type binocular system does not 
build up a MAE very well 
Chapter 6 dealt with possible errors that might occur during the adaptation to 
motion due to imbalances in the transfer of motion information Eye dominance will 
lead to weight differences between the left and right monocular systems Crossed 
pathway dominance will lead to different motion strength information from the left 
hemifield of the left eye and the right hemifield of the right eye versus the left 
hemifield of the right eye and the right hemifield of the left eye Cerebral hemisphere 
dominance will lead to different motion strength information from the left hemifield of 
the left eye and the left hemifield of the right eye versus the right hemifield of the right 
eye and the right hemifield of the left eye A model is proposed that can correct for all 
three dominance factors The perceived motion responses of the adaptation phase are 
used to calculate the relative strengths of these dominance factors, which can then in 
principle be used to correct the MAE data of the test phase This model and this 
method have been applied, and the results are given m the addendum of chapter 6 
However, application of this model did not lead to substantial changes of the MAE 
data Imbalance between the motion signal strengths in the visual paths apparently does 
not lead to differences in perceived strength of the resulting MAE Eye dominance 
could have the most direct influence, because it can evoke a difference between the 
motion signals of the left and right eye When the directions of the adapting motion 
stimuli are of opposite sign the OR-type binocular system should not build up a MAE, 
because the summation of the adapting motions does not lead to direction-specific 
motion When the signal from one of the eyes is amplified due to eye dominance the 
OR-type binocular system registers a difference between the inputs of the left and right 
eye and builds up a MAE accordingly to the resulting motion The fact that we did not 
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find an difference between the MAE results after correction indicates that this is not the 
case. Apparently eye dominance is a phenomenon that is involved at a higher level in 
visual processing than the OR-type binocular system is. 
Based on the research mentioned and the literature considered in this dissertation 
we can subdivide the binocular system into an OR-type binocular system, activated as 
soon as input from one eye is received, and an AND-type binocular system, activated 
as soon as fusable input from the two eyes is present at the same time. It seems 
plausible to assume that the OR-type binocular system is involved in binocular rivalry, 
whereas the AND-type binocular system is involved in fusion. There is evidence 
(Lehmkuhle & Fox (1975) and Blake & Boothroyd (1985)) that fusion takes place 
before rivalry, but there is also evidence (Anstis & Moulden, 1970), that rivalry takes 
place before fusion. This is why we have not been dealing with the relation between the 
OR-type binocular system and the AND-type binocular system. In the second 
experiment of chapter 3 we were able to adapt the OR-type binocular system to a 
counterclockwise motion and the AND-type binocular system to a clockwise motion, 
resulting in a clockwise MAE for the OR-type binocular system and a counterclockwise 
MAE for the AND-type binocular system. If a fixed relation between the two types of 
binocular system would exist this would not have been possible. They are independent 
of each other, and the relation OR-type - rivalry and AND-type - fusion remains a 
tentative one. 
In most of the experiments in this dissertation we have employed apparent motion 
instead of real motion. The use of apparent motion enabled us to create stimuli that 
enabled activation of one or more subsystems of the visual system. It then remains to 
be answered whether the conclusions drawn from these experiments are specific for 
apparent motion, or whether they will also hold for real motion. The first argument for 
this last option is that real motion is a special case of apparent motion. Apparent 
motion is apparent because we are able to detect the spatiotemporal component in the 
stimulus: the location of (part of) the stimulus changes with a discrete distance after a 
discrete time constant. When the shift of the stimulus and the time constant get smaller, 
the perceived motion velocity remains the same. When the size of the shift of the 
stimulus and the time constant are below a detection-threshold we still perceive the 
same motion velocity, only now we call it real motion as opposed to apparent motion. 
The typical example is TV: the sequence of 25 images per second does not lead to 
apparent motion, but to real motion. There of course is also experimental evidence for 
the similarity of apparent and real motion. Clatworthy & Frisby (1973) show that there 
is a unitary mechanism responsible for the perception of real and apparent movement. 
Barbur (1981) suggests that the extraction of continuous movement information 
involves visual mechanisms which also contribute to the extraction of apparent motion. 
Green (1983) found that when real motion and apparent motion are presented at the 
same time, and the direction of the real motion is opposite to the direction of apparent 
motion, these motions cancel each other. Gregory (1985) describes a nulling method in 
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which the real against apparent motion is used. All these researches indicate that there 
is no psychophysical or even physiological difference between the perception of 
apparent and real motion. However, if we had used real motion instead of apparent 
motion we would never have been able to detect the existence of the central monocular 
systems. 
Previous research on apparent motion, depth perception, and motion aftereffects has led 
to a distinction between short-range and longe-range components of apparent motion 
(Braddick (1974), Cavanagh & Mather (1990), Grossberg & Rudd (1992), Ivry & 
Cohen (1990), Larsen, Farrell & Bundesen (1983), Mahmud (1987)), sustained and 
transient channels (Breitmeyer & Williams (1990), Ontani, Ejima & Nishida (1991)), 
local and global components (Cavanagh & Favreau (1980), Hershenson (1984)), 
low-level and high-level processing (Gerbino (1984), Mather (1991), Petersik (1989)), 
as well as a the existence of multiple mechanisms for the detection of motion (Boulton 
(1987), Boulton & Baker (1993), Kinta (1987), Pantle & Picciano (1976)) We would 
like to add the distinction between peripheral and central monocular systems to this list. 
This distinction can be the underlying factor in the explanation of the results of 
research on low-level and high-level processing. We have described in chapter 2 that 
the peripheral monocular systems process the first order motion, and that the central 
monocular systems process the higher-order motion information. This processing of the 
motion information is a combination of serial processes (peripheral and central 
monocular systems) and parallel processes (monocular and binocular systems). 
The Reichardt-type detector, described in the introduction of this dissertation, cannot 
account for all the phenomena described in this dissertation. Low-level, peripheral 
monocular MAEs can be generated with these detectors, but the MAE of the AND-type 
binocular system cannot be explained by retinal image motion. The fact that we did not 
find a causal relation between eye movements during adaptation and the resulting MAE 
supports this point of view. The perceived MAE is the result of a 'summation' of 
individual MAEs, that can occur within the visual system, and eye movements (and 
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Samenvatting 
In deze dissertatie werden een aantal aspecten van bewegingsna-effekten onderzocht. 
Een na-effekt onderzoek bestaat meestal uit een adaptatiefase, waarin een proefpersoon 
gedurende een bepaalde tijd naar een bewegende stimulus kijkt, en een testfase, waarbij 
de beweging wordt gestopt. Het lijkt dan alsof de stilstaande stimulus de andere kant op 
beweegt dan hij in de adaptatiefase bewoog. In het tweede hoofdstuk van dit 
proefschrift werd een dynamische test-stimulus gebruikt, die het mogelijk maakte het 
bewegingsna-effekt te superponeren op een beweging die niet richtings-specifiek is. De 
resultaten van dit onderzoek lieten zien dat de bewegingsinformatie verwerkt kan 
worden door de afzonderlijke monoculaire systemen, door een OF-type binoculair 
systeem, dat reageert zo gauw er invoer van één van beide ogen komt, en door een 
EN-type binoculair systeem, dat alleen reageert als er (fuseerbare) informatie van beide 
ogen tegelijk komt. Het bleek dat de uiteindelijk waargenomen beweging en het 
bewegingsna-effekt voornamelijk bepaald worden door het EN-type binocular systeem, 
gevolgd door het OF-type binoculaire systeem. De beide monoculaire systemen hebben 
in dit beslissingsproces de minste invloed. In de wetenschappelijke literatuur van de 
laatste jaren bestaat een golfbeweging over het al dan niet bestaan van een EN-type 
binoculair systeem. Hoofdstuk 3 draagt hier een belangrijk steentje aan bij, omdat 
daarin werd aangetoond dat een dergelijk systeem voor de waarneming van (schijnbare) 
beweging in ieder geval bestaat. 
Behalve dat het bewegingsnaeffekt bepaald wordt door de diverse systemen 
binnen het visuele systeem, is het ook mogelijk dat oogbeweginen en/of bewegingen 
van de visuele informatie over de retina mede een rol spelen in de bepaling van de 
waargenomen beweging, en het daaruit volgende bewegingsna-effekt. In hoofdstuk 4 
werd naar deze factoren gekeken, en het bleek dat oogbewegingen tijdens de 
adaptatiefase geen enkele voorspellende waarde hebben met betrekking tot het 
resulterende beweginsna-effekt. Er is een relatie tussen de oogbewegingen en de 
gerapporteerde beweging in beide fases, maar deze relatie is niet causaal. 
Als er gemeten wordt aan een bewegingsna-effekt, dan kan dat op verschillende 
manieren. De duur en de sterkte van het na-effekt lijken twee aspecten die nauw met 
elkaar verbonden zijn: hoe sterker een na-effekt, hoe langer hij zal duren. Uit hoofdstuk 
5 blijkt dit slechts ten dele waar te zijn. De monoculaire systemen blijken het na-effekt 
het langst vast te houden, terwijl het OF-type binoculair systeem zijn na-effekt al snel 
kwijt is. Het bewegingsna-effekt van het EN-type binoculair systeem is slechts kort van 
duur, maar door de hoge gewichtsfactor van dit systeem is de invloed van dit na-effekt 
groot. 
De resterende factor die dan nog van invloed kan zijn op de sterkte en/of duur 
van het bewegingsna-effekt zijn individuele verschillen tussen proefpersonen. In 
hoofdstuk 6 werd gekeken in hoeverre oogdominantie, dominantie van de gekruiste 
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visuele neurale banen, en cerebrale hemisfeerdommantie een rol spelen Het bleek dat 
eigenlijk alleen oogdominantie een factor is die in dit soort experimenten een rol kan 
spelen Na correctie van de oorspronkelijke data voor oogdominantie bleek er echter 
geen verbetering van de gevonden effekten te zijn Oogdominantie speelt blijkbaar wel 
een rol bij het proces over de keuze van de waargenomen adapterende beweging, maar 
niet bij de opbouw van een bewegingsna-effekt 
Al deze aspekten geven een goede beschrijving van wat een bewegingsna-effekt 
is Uit deze dissertatie blijkt dat een low-level verklaring van bewegings-naeffekten niet 
voldoende kan zijn, en dat ook hogere-orde processen een rol spelen 
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influence of individual differences of dominance factors in the human visual 
system on the perception of apparent motion. Perception. 
Kruysbergen, Noud and Karatza, M. (in prep) The existence of a blue-yellow deficit in 
colour perception due to aging. 
Kruysbergen, Noud van, Wiel, M. van de & Gamberini, L (in prep) About the use of 
colour in visual information displays. 
Helsper, Eric L., Kruysbergen, Noud van & Vos, Piet G. (in prep) The relation between 








Naad van Kruysbeigers »erat geboren op 15 deccmbei 5059 te PitiRìjk Na het 
sneeesvoi doorlopen van ííe R _K, Basisschool Щ ШШ aldaar, volgde Щ- liet 
Aïhcwran-B дай Ы ¡Píw Chris» College « Шйей, wáár- bij is ï9?g ъМыты deed. 
Baama begon híj voi goede meed aan de studie -Elektrotechniek aan de Technische 
ïïögéSChOOl t« Eindhoven:, waârrta-hij twee jaaf-Tater met fiog betere Woed aan de Studie 
ï^ye.beiogie begon aan de Katholieke "Universiteit van Nijmegen. ïn 1988- studeerde hij 
afin de Psyäietogjscte Fynktteieäf, met als uitbreiding Mathematische Psychologie «η 
aìs::fcyv:3k: informatica, tijdens zijn-studie heeft hij ettelijke: studentassisÉerrfsehappen 
тетей;, variërend van onderzoek naar kleurgebruik bij geluidsschermen: íftijkswatef-
Slaal) tot maskering tijdens de- vroege waarneming (S.ïX). Zijn stageonderaöek betrof 
modelvorming voor de wadmermngvan schijnbare beweging, waarna hij na:twéé:dagen 
vafcafltìe b$gi>ft аад eett АЮ-ptejekt met ais titel 'Modelvorming voor d« waafdettiiñg 
van schijnbare- beweging', onder begeleiding van prof.dr. Charles de Weiétt; Tijdeä^dit 
pf%ekt heeft toj met «eft ' Summer Scolarship' van het Center for Visual Science № 
Rochester.,. Mew York, -twee maanden onderzoek gedaan naar oogbèwegirtgen; Öét 
prajekt hield ω 1993 op, waarna de wetenschappelijke verslaglegging ged^ni&eif&äiie 
aan dit proefschrift ten grondslag: ligt. Tijdens en na dit projekt heeft hij diverse оішеп 
^ääiiänderwtj» verzorgd Allereerst: het geven van eerstejaars praktika funktieicef, met 
яЗ$ eftderw«rpeft schijnbare beweging, bewegingsna-effekten es kieurhatroörtre.. Daar-
naast het geven van de doctoraalcursas 'Psychofysische en 'efgënomisèhe aspecten van 
de Vivete iftförfttótteoveidiacht', h<«g«ö:ft hij sinds 1991 doet. Tevens; vrolijkt Щ -Sinds 
ì$92; eens per jaar het eerstejaars Göfiegé Eánktieleer op met eeft: g^téöftëgë: ÖKér 
^tisötiek', Momenteel м hij werkzaam: bij het |<3 B¡ÍQMEI> &<$Ш Pt 93.1441, «*et 
als titel 'Adverse effects::of visual displáy'iiníis^OJOSJiWíifh'раЙіеиіаг reference to eye 




Stellingen behorend bij Noud (A.W.H.) van Kruysbergen: Aspects of monocular and 
binocular motion aftereffects. Academisch Proefschrift, 1995. 
1. Wanneer bij bewegingsna-effektsonderzoek gebruik gemaakt wordt van een statische, 
stilstaande, teststimulus zijn de resultaten niet zo betrouwbaar als wanneer er gebruik 
gemaakt wordt van een dynamische teststimulus, waarbij de eigenschappen van de 
adaptatiestimulus zoveel mogelijk worden benaderd. 
Dit proefschrift 
2. Het menselijk visuele systeem bevat onafhankelijke monoculaire systemen en een 
binoculair systeem. Het binoculaire systeem bestaat uit een OF-type systeem en een 
EN-type systeem. Al deze systemen kunnen ieder een eigen bewegingsna-effekt 
opbouwen. 
Dit proefschrift 
3. Het EN-type binoculaire systeem is het belangrijkst: uitvoer van dit systeem krijgt 
het grootste gewicht bij de uiteindelijke bepaling van de waargenomen beweging(sna-
effekt). De monoculaire systemen hebben de minste inbreng in dit proces. 
Dit proefschrift 
4. Sterkte en duur van bewegingsna-affecten zijn begrippen die niet verward dienen te 
worden, daar zij geen lineair verband (behoeven te) vertonen. 
Dit proefschrift 
5. Monoculaire systemen hebben het slechtste recuperatievermogen: zij houden het 
na-effekt het langst vast. Het OF-type binoculair systeem daarentegen herstelt zeer snel. 
Dit proefschrift 
6. Er bestaan individuele verschillen in oogdominantie, maar deze verschillen leiden 
niet tot verschillen in bewegingsna-effekten. Oogdominantie speelt blijkbaar niet een 
puur perifere rol, maar heeft een meer centrale invloed. 
Dit proefschrift 
7. Om een kleur eenduidig te omschrijven zijn talloze systemen beschikbaar, al dan niet 
met fysische, fysiologische danwei psychologische relevantie. Voor het onderzoek naar 
kleurpreferentie en kleurharmonie heeft het gebruik van een van deze systemen dan ook 
de voorkeur boven het gebruik van kleumamen, tenzij deze kleumamen slechts als 
codering gebruikt worden voor de nauwkeurig omschreven kleuren. 
8. Bij het meetikken met een metronoom treedt een anticipatie op: de respons zal iets 
eerder gegeven worden dan de feitelijke stimulus. Deze anticipatie wordt grotendeels 
bepaald door perceptuele aspecten van de stimulus en niet door motorische aspecten 
van de waarnemer. 
Piet G. Vos, Juri Mates & Noud van Kruysbergen (accepted), Quarterly Journal of Experimental 
Psychology 
9. Sociale wetenschappers hebben er graag de ρ in, want r is nooit genoeg. 
10. Een echte wetenschapper gaat zelf naar de knoppen. 
Antwoord op A.M.T. Bosman "Reading and Spelling in Children and Adults: Evidence for a 
Single-Route Model", Academisch Proefschrift, 1994 
11. Gebruiksvriendelijke computerprogrammatuur behoort te beschikken over een 
instelbaar niveau van gebruikersintelligentie. 
12. Parate kennis over een onderwerp wordt vervangen door parate kennis over de 
locatie van die kennis. 
13. Dat het Nederlandse volk het langste volk ter wereld is, is nog niet doorgedrongen 
in de Nederlandse architectuur, waar de afmetingen van traptreden nog steeds 
gebaseerd zijn op de gemiddelde lengte ten tijde van Karel de Grote. 
14. Sinds de dreiging van een watersnoodramp in het rivierengebied begin 1995 weet 
iedereen wat 'onderloopsheid' is. 
15. Een gat in de markt is de produktie van tweedehands auto's. 
16. Vraag nooit aan een gepromoveerde hoe het was om te promoveren. Vraag dat aan 
de toenmalige partner. 
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